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Abstract 
A composite fiber system consisting of a sheath core bicomponent polymer fiber loaded 
with hard ceramic particles was developed and characterized for use in cut protective 
clothing. The core component was comprised of a copolyaramid in order to provide high 
base cut resistance. An acrylic-copolyaramid polymer blend was used for the sheath 
component to improve processability and provide potential benefits such as dyeability. 
Lastly, aluminum oxide particles were incorporated into the fiber core to deflect and 
deform the cutting edge, further improving cut resistance.  A series of designed 
experiments was used to explore the effects of the wet spinning and heat treatment 
processes on the structure and properties of the bicomponent fiber. 
Cut strength of the as-spun fibers was highest when the coagulation rate was slow, 
promoting the formation of a dense, macrovoid free fiber structure. Upon drawing, 
fibrillar domains developed within the fiber, further improving cut performance. Cut 
strength was greatly improved by the heat treatment process despite the fibers becoming 
highly anisotropic. Addition of the hard particle fillers to the bicomponent fibers showed 
a decrease in cut strength at the fiber level but nearly doubled the cut strength of resulting 
fabrics. Finally, the processability of the particle loaded bicomponent fibers was 
evaluated. 
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1 
1 Introduction 
Protecting soldiers from the threats and dangers of the battlefield has always been an 
important aspect of war. From animal skins to gas masks, armor and protective clothing 
have constantly evolved to combat the weapons of the times. The vast majority of 
casualties in modern wars are a result of gunfire, shrapnel, and explosions [1]. 
Consequently, over the last 150 years significant time and resources have been devoted to 
protecting against these threats, resulting in a decrease in the prevalence of gunshot 
wounds, as shown in Table 1.1. The implementation of body armor vests in Operation 
Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) has reduced the incidence 
and severity of injuries to the chest and abdomen, saving countless lives [1]. 
Table 1.1. Mechanism of injury from previous U.S. wars showing the reduction in incidence 
(percentage) of gunshot wounds. 
Conflict 
Gunshot 
Wounds 
Explosions 
Civil War [2] 
91 9 
World War I [3] 
65 35 
World War II [3] 
27 73 
Korea [4] 
31 69 
Vietnam [5] 
35 65 
OIF and OEF [1] 
19 81 
However, traditional body armor provides no protection to the soldier’s arms and legs. 
Analysis of the wounding patterns in OIF and OEF by Owens et al. revealed that 
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penetrating soft tissue wounds to the extremities were the most common injury, primarily 
as a result of improvised explosive devices (IED) [6]. IEDs produce a wave of damaging 
shrapnel and debris, resulting in debilitating soft tissue, bone, and vascular wounds to the 
limbs [7]. Not only do such injuries represent a serious threat on the battlefield, they also 
create long term problems in the continuing care and rehabilitation of soldiers that must 
learn to live with a severely limited or amputated limb. 
Improvements to existing body armor have been made in an attempt to extend protection 
to the upper arm and shoulder areas. Additionally, all soldiers are issued protective 
gloves. However, in a review of upper extremity injuries in OIF and OEF, Greer et al. 
found that hand and/or wrist injuries accounted for over half of those reported, while only 
20% of soldiers were wearing gloves at the time of injury [8]. Soldiers cited inadequate 
comfort and fit as reasons for not wearing the gloves. This is consistent with the findings 
of Torrens et al. who noted that military gloves reduced both the dexterity and grip 
strength of wearers [9]. 
The lack of comfort and dexterity provided by protective clothing is largely due to the 
thick, bulky fabrics required to achieve acceptable levels of protection. While the use of 
high performance fibers has reduced the weight and thickness of protective clothing, 
further innovations and new materials are needed to provide the comfort, mobility, and 
level of protection necessary to safeguard the arms and legs of soldiers on today’s 
battlefields. Critical to the development of such materials is an improved understanding 
of the material properties that govern shrapnel and cut resistance. 
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1.1 Review of Materials Used For Shrapnel and Cut Protection 
1.1.1 High Performance Fibers 
Throughout history, lightweight and flexible materials have been used in body armor 
systems to enhance mobility while providing protection against specific threats [10]. 
Early examples include leather and silk which, when used in conjunction with metal 
plates, could provide the needed protection against bladed weapons. The use of metals 
was eliminated completely during the Korean War with the development of nylon and 
fiberglass vests capable of protecting against bomb and grenade fragments [11]. The first 
modern high performance organic fiber, poly(p-phenylene terephthalamide) (PPTA), was 
introduced in 1972 by the Du Pont Company under the trade name Kevlar® [12]. Since 
the introduction of Kevlar®, numerous other high performance fibers have been 
developed including para-aramids (Twaron and Technora®), ultra-high molecular weight 
polyethylene (UHMWPE) (Spectra® and Dyneema®), and polybenzobisoxazole (PBO) 
(Zylon®).  
Table 1.2: Comparison of mechanical properties of high performance fibers and cotton 
[10,12,13]. 
Fiber 
Elongation 
(%) 
Tenacity 
(gpd) 
Modulus 
(gpd) 
Density 
(g/cm3) 
Kevlar® 29 3.6 23 550 1.44 
Twaron® 2.0 24 600 1.45 
Technora® 4.3 27 570 1.39 
Spectra® 900 3.5 30 1400 0.97 
Dyneema® 3.5 30 1000 0.97 
Zylon® 2.5-3.1 38-42 1200-1400 1.56 
Cotton 5.6-7.1 2.0-5.1 44-82 1.54 
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As shown in Table 1.2, high performance fibers show exceptional tensile properties as 
compared to traditional textile fibers such as cotton. This is a result of high levels of 
molecular orientation as well as high intermolecular forces and/or high molecular weight. 
The combination of high tenacity and modulus allows fabrics made from high 
performance fibers to absorb (due to high toughness at low levels of elongation) and 
distribute (due to high strain wave velocity because of high modulus) the energy of a 
projectile [14]. Today, high performance fibers and fabrics are used in a wide range of 
both soft and hard (fiber reinforced composites) armor systems for both personnel and 
vehicles [15].  
1.1.2 Ceramic Armor 
The investigation and application of ceramics such as aluminum oxide (Al2O3), boron 
carbide (B4C), and silicon carbide (SiC) against small arms threats dates back to the early 
1960’s [16]. These low density, high hardness materials typically possess high 
compressive strength and good fracture toughness (relative to other ceramics) [17]. 
Projectiles usually carry a huge amount of kinetic energy that must be absorbed or 
dissipated. Ceramic armor plates function by decelerating and deforming the projectile 
while distributing the impact energy over a larger area [15]. Sufficiently high hardness 
can cause the impacting projectile to fracture and deform. In some cases, the projectile 
can be completely stopped without penetrating the ceramic. If penetration occurs, fracture 
toughness determines the amount of energy absorbed to decelerate the projectile. Ceramic 
armor plates are typically used in conjunction with a backing material such as a metal, 
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ballistic fabric, or fiber reinforced composite that can then stop the decelerated projectile 
[18]. 
While ceramic armors have been proven successful at stopping small arms, armor 
piercing, and shrapnel threats, their application to personnel armor is largely limited to 
protecting the soldier’s chest and back [16]. Hard ceramic armors are not suitable for 
protecting the hands, groin, or other regions where flexibility and mobility are key. It is 
the practical objective of this research to develop a new composite material that combines 
the inherent flexibility and ballistic/cut protection of para-aramid fibers with the 
deformation and deceleration mechanisms of ceramic armors. This will be accomplished 
by spinning particle doped fibers. 
1.2 Classification and Production of Aramid Fibers 
Aramid is a generic term for any long chain synthetic polyamide in which at least 85% of 
the amide bonds are attached directly to two aromatic rings [12]. Aramids are often 
classified as either para or meta based upon the configuration of these bonds. PPTA 
(Kevlar®), shown in Figure 1-1, is an example of a para-aramid polymer. PPTA was first 
synthesized by S. Kwolek, a Du Pont research scientist, in 1962 [19]. The synthesis 
involves the low temperature polycondensation of p-phenylene diamine (PPD) and 
terephthaloyl chloride (TC) [12]. The synthesis begins by dissolving PPD in an amide 
solvent, typically N-methyl pyrrolidone (NMP). An inorganic salt such as lithium 
chloride (LiCl) or calcium chloride (CaCl2) is often included to improve solubility. TC is 
then added to begin the condensation reaction. Upon reaching a critical molecular weight, 
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the polymer becomes insoluble and precipitates.  The polymer is then washed with water 
and neutralized using calcium hydroxide (Ca(OH)2). Due to its insolubility in 
conventional solvents and high melting point, the PPTA polymer must be dissolved in a 
strong acid, typically concentrated sulfuric acid (H2SO4) to be spun into fiber. Kwolek 
found that PPTA/H2SO4 solutions between 10 and 20 wt% polymer were anisotropic in 
nature [20]. The stiff, rodlike molecules pack efficiently into small rodlike domains and 
form a lyotropic liquid crystalline solution. 
 
Figure 1-1: Bond configurations of aromatic rings in PPTA. 
 
PPTA fibers are spun using the dry–jet wet spinning process developed by Du Pont 
researcher Herbert Blades [21]. The dry-jet wet spinning process is shown in Figure 1-2. 
The PPTA solution is pumped from the spinneret holes through an air gap into the 
coagulation bath.  The coagulated filaments are then washed and neutralized before being 
collected on a bobbin. The key feature of the process is the small air gap between the 
spinneret face and the coagulation bath. This allows the spinning solution to be 
maintained at a higher temperature (80-90°C) than the coagulation bath. This temperature 
is necessary to maintain the liquid crystalline state. Additionally, the liquid crystal 
domains readily orient in the air gap when subjected to the spinning tension. This process 
leads to highly oriented fibers with excellent tensile properties.  However, the need to 
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redissolve the polymer in concentrated acid adds additional steps to the process and 
increases the cost and maintenance of spinning equipment. Spinning from a strong acid 
solvent also reduces the types of particles or additives that can be incorporated into the 
fiber formation process. 
 
Figure 1-2: The dry-jet wet spinning process used in the production of PPTA fibers 
(adapted from Blades [21], Figure 1). 
 
The spinning of para-aramid polymers directly from the polymerization solvent can be 
achieved by increasing the solubility of the polymer in the solution via copolymerization 
[22]. Monomers containing flexible moieties, such as ether linkages, or side groups, such 
as methyls or hydroxyls, can be used to create a random copolymer with less efficient 
chain interactions than in PPTA. This prevents the precipitation of the polymer during 
synthesis and allows for the formation of isotropic spinning solutions [22]. Technora®, 
produced by Teijin Limited, is one example of a commercially available soluble 
copolyaramid [23]. Technora® is produced by reacting TC with a mixture of PPD and a 
second diamine, 3,4’-diaminodiphenyl ether. A number of other soluble copolyaramids 
have been developed by Hoechst Celanese (now Celanese Corporation) [22,24-26]. Using 
various combinations of stiff, flexible, and kinked monomers, researchers were able to 
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produce aramid fibers with a wide range of properties. Examples of monomers used in 
the production of soluble copolyaramids are shown in Figure 1-3.  
 
Figure 1-3: Examples of rigid, flexible, and kinked monomers used in the synthesis of 
soluble copolyaramids. 
Isotropic copolyaramid solutions can be spun into fibers using either the dry-jet wet 
spinning method used in the production of PPTA fibers, or via traditional wet spinning. 
In traditional wet spinning, the polymer solution is pumped through a spinneret that is 
directly submerged in the coagulation bath. The coagulated filaments can be stretched 
and drawn to increase molecular orientation and improve tensile properties. This can be 
performed either inside the coagulation bath (jet stretch) or during washing (wet draw). 
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The resulting as-spun fibers display much lower levels of molecular order and orientation 
than as-spun liquid crystalline para-aramids like PPTA. As such, a subsequent drawing 
process at high temperature is required to achieve similar tensile properties.  The range of 
processing conditions reported in the production of copolyaramid fibers is shown in 
Table 1.3 
Table 1.3: Processing conditions for copolyaramid fibers [23-26]. 
Processing Condition 
Typical 
Range 
Solution Concentration 4.5-12% 
Solution Temperature 45-130°C 
Spinneret Hole Diameter 80-200 µm 
Coag. Bath Solvent 
Content 
20-50% 
Hot Draw Temperature 280-550°C 
Total Draw Ratio 2-16.5 
 
1.3 Processing Advantages of Isotropic Copolyaramids Over PPTA 
The wet spinning of isotropic copolyaramid solutions offers numerous advantages over 
the production of PPTA fibers. Firstly, the use of NMP as the spinning solvent rather than 
H2SO4 reduces the upfront and maintenance costs of processing equipment [22].  
Additionally, the NMP from the spinning solution and coagulation bath can be recovered, 
lowering the cost of the process. The low polymer concentration in the spinning solution 
allows for the addition of high levels of particle additives without impacting the flow 
behavior of the solution. Particle loading is further facilitated by the relatively large 
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spinneret hole sizes (approx. 150 microns) that can be utilized due to the high total draw 
ratio of the process. Finally, the use of NMP as the spinning solvent presents the potential 
for copolyaramid solutions to be used in conjunction with other NMP soluble polymers, 
such as acrylic, to produce bicomponent fibers. 
1.3.1 Particle Loaded Fibers 
Particle additives and fillers have long been used in fiber processing to alter or improve a 
desired property. Two examples of common particle additives are titanium dioxide (TiO2) 
and carbon black. TiO2 is frequently added to melt spun synthetic fibers such as nylon or 
polyester to act as a delustrant [27]. The required loading levels are low, with 0.2 wt% 
sufficient to reduce the transparency of the fibers. Higher loading levels of 0.5 or 1-2 
wt% can be used to achieve a semi-matt or matt appearance, respectively. Carbon black is 
often used to improve the light sensitivity of polyolefins and as an antistatic agent [28]. 
Loading levels of 2-3 wt% provide an effective light screen and increase the polymer’s 
resistance to photodegradation. However, melt spinning systems can present issues with 
particles blocking spinneret holes which can arise even at the low loading levels 
described above. Fibers with much higher loading levels can be produced via wet 
spinning. For example, Stone et al. produced aliginate fibers containing 19.6 wt% 
magnetic nanoparticles via wet spinning from a 4 wt% solution of sodium alginate [29]. 
The particle loaded fibers were shown to produce significant amounts of heat when 
exposed to an AC magnetic field, indicating they could be applicable to magnetic 
hyperthermia applications. 
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The addition of particle additives in copolyaramid systems has been demonstrated by 
Teijin Limited. In response to the Fukushima Daiichi nuclear disaster in northeastern 
Japan, Teijin Limited has developed a variation of their Technora® copolyaramid fiber 
loaded with tungsten particles for improved radiation protection [30]. Tungsten particles 
are used rather than lead due to environmental concerns. While exact loading levels and 
tensile properties are not reported, some loss in tensile strength due to the high particle 
concentration is indicated. Fabrics produced from the tungsten filled copolyaramid fibers 
can be used as protective clothing or sheet materials in reconstruction efforts around 
disaster sights. 
The use of particle additives to improve the cut resistance of both melt and solution spun 
fibers was investigated by Hoechst-Celanese in the 1990’s [31]. Hoechst produced 
polyester and copolyaramid fibers containing calcined aluminum oxide particles. Fabrics 
produced from the particle filled fibers showed increases in cut performance of up to 
100% as compared to unfilled controls. However, the abrasive nature of the particle filled 
fibers resulted in poor performance in downstream manufacturing processes. While 
Hoechst did propose bicomponent spinning of sheath-core fibers as a solution to this 
problem, such fibers were never produced. Ultimately, the patent rights for hard particle 
filled copolyaramid fibers were transferred to the Clemson University Research 
Foundation in 1999. 
More recently, particle filled UHMWPE fibers for use in cut protection have been 
developed by DSM under the trade name Dyneema® Diamond. Small glass, mineral, or 
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metal fibers or “whiskers” are incorporated into UHMWPE spinning solutions (dopes) 
and gel spun into fibers [32]. Fabrics from the resulting fibers show greatly improved cut 
performance. However, fiber tenacity can be reduced by as much as 30% [32].  
1.3.2 Bicomponent Fibers 
Bicomponent fibers are fibers composed of two physically and/or chemically distinct 
polymeric components in continuous, longitudinal contact within the fiber [33]. 
Development of bicomponent fibers began during the middle of the 20
th
 century.  One of 
the first commercial bicomponent fibers was Cantrece, a self-crimping side-by-side nylon 
monofilament for use in hosiery, introduced by the Du Pont Company in the 1960’s [34]. 
Growth of bicomponent spinning technology remained slow in the 1970’s due to the 
complex and expensive spinnerets and spin packs of the time [35]. However, advances 
were made in the early 1990’s when W. H. Hills developed spin packs consisting of thin, 
etched plates containing holes and channels that could route the two polymer streams to 
conventional, multi-hole spinnerets [36]. These new spinnerets improved both the 
flexibility and economic viability of bicomponent fiber spinning. The range of possible 
bicomponent fiber cross-sections made using the Hills Inc. technology is shown in Figure 
1-4. Different fiber cross-sections can be produced using the same spin pack by changing 
the number and order of etched plates used. 
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Figure 1-4: Fiber cross-sections available using Hills Inc. bicomponent technology [37]. 
Potential applications of bicomponent fibers vary by cross-section. Segmented pie and 
islands-in-the-sea type fibers are primarily used in the production of very fine denier 
micro and nano fibers. Segmented pie type fibers can be “split” into individual segments 
by either physical or chemical means. Microfibers are produced from islands-in-the-sea 
type bicomponent fibers by dissolving away the sea, leaving the fine denier islands. The 
resulting fibers have a hand similar to silk. These processes are advantageous as the 
bicomponent fibers can be spun and processed as large fibers and at higher production 
rates before being split or dissolved to give the desired aesthetic properties. In general, 
side-by-side type fibers are used to produce self-crimping staple fibers. Side-by-side 
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fibers yield helical crimp due to differences in the expansion or shrinkage of the two 
components. The two components can differ in chemical composition (different 
polymers) or differ in some property such as molecular weight, degree of crystallization, 
or hydrophilicity [34]. 
Sheath/core staple fibers consisting of a low melting temperature sheath and higher 
melting temperature core are used heavily in the production of nonwovens and make up 
the largest commercial market of bicomponent fibers [34]. Sheath/core fibers can be 
produced from two different polymers in order to combine desirable properties such as 
high strength with dyeability and soft handle. Additionally, specific properties can be 
obtained in sheath/core fibers by incorporating additives to either the sheath or the core. 
While the majority of bicomponent fibers are produced via melt spinning, several 
examples of solution spun bicomponent fibers are present in the literature. Dry spinning 
is used to produce side-by-side water-reversible crimp acrylic staple fibers [38-40]. The 
fibers are spun from polyacrylonitrile and a copolymer of acrylonitrile and a sulfonate 
monomer. Although the spinneret holes are circular, the difference in gelation behavior of 
the two polymers produce a mushroom shaped filament consisting of a polyarcrylonitrile 
“cap” and a “stem” of the copolymer, as shown in Figure 1-5 [40]. Side-by-side acrylic 
fibers may also be produced via wet spinning, though this process is uncommon [40]. 
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Figure 1-5: Schematic of the cross-section of side-by-side acrylic bicomponent fiber showing 
the deviation from circularity. 
The wet spinning of a monofilament sheath/core fiber consisting of a soybean protein 
core and poly(vinyl alcohol) (PVA) sheath was reported by Zhang et al [41]. The fiber 
was-spun using a 15 wt% soy protein solution for the fiber core and a 10 wt% PVA 
solution for the fiber sheath and coagulated using a saturated sodium sulfate solution 
containing 1M H2SO4. The resulting fibers were very brittle and could not be drawn. Wet 
spun acrylic/acrylic sheath/core fibers have been reported by the Mitsubishi Rayon Co. 
under the trade name COREBRID™ [42].  Particle additives such as carbon black are 
added to the sheath and/or core to produce a range of products with desirable properties. 
However, the fiber cross-sectional shape of both the sheath and the core of the wet spun 
bicomponent fiber is highly irregular (Figure 1-6), likely as a result of differences in 
coagulation rate of the two components. 
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Figure 1-6: Cross-section of COREBRID™ wet spun bicomponent fiber [42]. 
 
1.4 Development of Fiber Structure and Morphology in Wet Spinning 
Wet spun fibers can contain a number of distinct structural features including large voids, 
fibrils, and skin-core effects [43]. The presence of each of these features in wet spun 
fibers is dependent on the phase separation process undergone by the ternary system 
(polymer, solvent, non-solvent) during fiber formation [43]. This process is similar to the 
formation of phase inversion membranes, and is controlled by both thermodynamic and 
kinetic factors [44]. The shape of the binodal line of the ternary phase diagram (Figure 
1-7) is determined by the mixing thermodynamics of the system [45]. The flux of solvent 
out of the fiber and the inward flux of nonsolvent from the coagulation bath determine 
the composition path of the polymer solution. When the spinning solution exits the 
spinneret and enters the coagulation bath, the diffusion of solvent and nonsolvent cause 
changes in composition in the solution until the binodal is reached and phase separation 
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occurs. This can occur very rapidly (A) or after some delay (B) depending on both the 
absolute and relative fluxes of solvent and non-solvent. While analytical modeling of this 
complex process has been performed for some ternary systems, such models are valid 
only for the early stages of coagulation and often do not predict the final fiber structure 
[43,46-48]. However, a qualitative understanding of the effects of wet spinning 
processing parameters on the thermodynamic and kinetic controls of phase separation can 
be used to predict and control the morphology of wet spun fibers. 
 
Figure 1-7: Ternary phase diagram for polymer, solvent, nonsolvent system. 
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1.4.1 Macrovoid Formation in Wet Spun Fibers 
Large conical voids (over 1 micron in size), called macrovoids, are often observed in 
fibers produced via wet spinning. The mechanisms of macrovoid formation and growth 
have long been debated.  Macrovoids were long thought to be initiated by surface tension 
gradients [49] or mechanical stresses [50]. More recently, macrovoid formation has been 
attributed to trapped nuclei of nonsolvent and solvent (the polymer poor phase) that occur 
when the coagulation rate is very fast, i.e., no delay time between immersion and phase 
inversion [44,51]. When coagulation is very rapid, droplets of the polymer poor phase are 
quickly formed just below the fiber/coagulation bath interface. Because the polymer 
solution in front of the nuclei is homogeneous and remains stable, no new nuclei are 
formed. Solvent and nonsolvent diffuse into the nuclei and macrovoids grow until the 
polymer concentration at the macrovoid/solution interfaces becomes high enough that 
solidification occurs. When the coagulation rate is sufficiently slow, nucleation in the top 
layer is followed by the formation of new nuclei inside the fiber. As such, the formation 
of macrovoids in wet spun fibers can be controlled by reducing the coagulation rate. 
The coagulation rate in wet spinning can be influenced by a number of processing factors 
including the choice of solvent/nonsolvent pair, the polymer concentration, polymer 
solution temperature, coagulation bath composition and the coagulation bath temperature. 
The use of a solvent/nonsolvent pair with low miscibility reduces the coagulation rate and 
can be advantageous when spinning polymers such as cellulose acetate that are soluble in 
a range of solvents [52]. Macrovoid formation can also be reduced by increasing the 
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polymer concentration of the spinning solution. However, copolyaramid spinning 
solutions, however, are limited to low polymer concentrations (5-10 wt%) due to 
viscosity and/or gelation issues that arise at higher concentrations due to the stiff nature 
of the polymer backbone. Consequently, the coagulation rate of copolyaramid fibers must 
be controlled via the coagulation bath composition. 
The coagulation rate of wet spun fibers can be slowed by the addition of solvent and/or 
salt to the coagulation bath. The addition of solvent to the coagulation bath lowers the 
concentration gradient between the spinning solution and the coagulation bath, reducing 
the flux of both solvent and nonsolvent. This results in the reduction or complete 
elimination of macrovoids and has been demonstrated for both acrylic and copolyaramid 
wet spun fibers [53-56]. The addition of an ionic salt, such as CaCl2 or NaCl, to the 
coagulation bath lowers the activity of the nonsolvent [57]. This lowers the flux of the 
nonsolvent while the flux of the solvent out of the fiber remains unchanged. 
Consequently, the polymer solution concentrates prior to its precipitation by the 
nonsolvent, resulting in fibers that are more dense and free of macrovoids. This process 
has been exhibited in cellulose acetate, m-phenylene isophthalamide, and copolyaramid 
systems [56-59]. 
1.4.2 Fibrillar Structure of Wet Spun Fibers 
Regardless of the presence or absences of large macrovoids, all wet spun fibers are 
composed of small, sub-micron voids within an interconnected network of the fiber 
forming polymer [43]. This is a direct result of the phase separation process. The size and 
number of voids or pores is dependent upon the coagulation conditions, with those 
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promoting slower coagulation resulting in an increased number of smaller voids and a 
lower overall void fraction [54]. As the fiber shrinks and elongates during the spinning 
process, the voids combine and coalesce, causing the surrounding polymer molecules to 
orient in the fiber direction. The oriented polymer molecules can form fibrillar domains 
along the length of the fiber. The formation of these fibrillar domains has been shown to 
be promoted in fiber systems with strong intermolecular bonding and lower overall void 
fraction [40,56,60]. 
1.4.3 Orientation in Wet Spun Fibers 
Molecular orientation is a measure of the average alignment of polymer chains with 
respect to the fiber axis. Orientation develops as a result of the velocity gradients and 
thread-line tension of the spinning process [61]. Robert Hooke was perhaps the first to 
understand something of this process when in 1665 he observed that silk worms bob their 
heads about inside the cocoon [62]. He hypothesized that fibers could be made by 
copying this process with a suitably viscous material. Typically, less orientation develops 
during wet spinning than during melt spinning (Figure 1-8) due to the relaxation of shear 
and elongational stress as a result of the short relaxation times of the solvated polymer 
molecules [43]. The molecular orientation that does develop during wet spinning is a 
result of deformation and elongational flow in the transition zone between fluid (spinning 
solution) and fully coagulated fiber [63]. The degree of orientation that develops during 
the spinning process is dependent upon a number of variables including the linear 
extrusion rate, take up speed, spinning solution concentration, coagulation conditions, 
and polymer type and varies from system to system [56,63,64].   
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Figure 1-8: Development of orientation during melt and solution spinning processes 
(adapted from Ziabicki Figure 2.45 [43]). 
The primary source of orientation in wet spun fibers is from drawing processes. Drawing 
can be performed after coagulation and washing while the fiber is still wet and/or 
following a drying process. Wet drawing is often performed in a heated water bath to 
facilitate molecular motion and aid in the removal of any residual solvent. Drawing of the 
dried fibers is often accompanied by a heating process using steam (acrylics) or forced 
nitrogen (copolyaramids). Orientation has been shown to develop very rapidly in wet 
spun aramid fibers, even at low draw ratios [20].  
1.5 Aramid Fiber Structure 
PPTA fibers display a number of the structural elements typical of wet spun fibers. The 
presence of small sub-micron voids that result from the phase separation process was 
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documented by Dobb for both Kevlar® 29 and 49 type fibers [65]. PPTA fibers also 
show a fibrillar structure resulting from the high level of molecular orientation and strong 
intermolecular forces between chains. Panar et al. showed that the fibrils are oriented 
along the fiber axis and are about 600 nm wide and several centimeters long [66].  
PPTA fibers also display some unique structural elements. X-ray diffraction studies have 
shown that PPTA fibers are composed of extended chain crystallites that have much 
higher correlation lengths than observed for more conventional fibers such as PET and 
nylon [66]. These crystallites are arranged in bands that fold back and forth with regular 
periodicity, resulting in a pleated structure [67,68]. The bands are separated by defect 
regions approximately 30-40 nm in length. Chains in alternating bands are arranged at 
equal but opposite angles, resulting in a pleat angle of 170-175 degrees. This pleat angle 
imparts some elasticity to the fiber structure. For this reason, PPTA fibers show greater 
elongation potential than expected for a fiber with a fully extended chain conformation. 
The extended chain structure of PPTA fibers leads to poor lateral bonding between 
polymer chains and can cause defects upon compression or bending, resulting in poor 
transverse properties [69]. 
The molecular structure of the copolyaramid Technora® was investigated by Blackwell 
using molecular modeling and x-ray analysis [70,71]. Technora® was found to have an 
extended chain conformation similar to that of PTPA fibers. The ordered segment length 
of the copolyaramid chains was similar to that of crystallites in PPTA. However, the 
random nature of the copolyaramid reduces hydrogen bonding between chains and results 
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in reduced lateral packing of chains as compared to the PPTA homopolymer. Blackwell 
did find that the ordered segments found in Technora® were straighter (more highly 
oriented in the fiber direction) than those found in PPTA. Annealing of Technora® at 
300°C resulted in an improvement in the lateral chain packing but did not affect the 
ordered segment length [72]. This is in contrast with PPTA where annealing results in an 
increased segment length due to growth of crystallites.  
1.6 Cut Testing of Textile Materials 
1.6.1 Mechanics of the Cutting Process 
While the cutting of polymeric yarns and fibers is not well studied, the mechanics of 
cutting analogous fibrous plant material has been documented [73]. Persson describes the 
cutting process in three steps. Cutting is initiated when the blade edge contacts the 
material. As the blade continues to move, the contact forces and stresses increase until 
finally, failure occurs. The fiber experiences a complex combination of forces during the 
cutting process, as shown in Figure 1-9. The area directly beneath the blade experiences a 
compressive force. Tensile forces develop along the length of the fiber due to the 
deformation caused by the blade. Additionally, the combination of tension and 
compression and the movement of the blade cause shear stresses perpendicular to the 
direction of the cut to develop. The exact combination of forces and/or deformation that 
lead to failure is unknown. However, it is hypothesized that failure occurs when shear 
stresses due to compression exceed a critical value. 
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Figure 1-9: Forces experienced by fiber during the cut process. 
1.6.2 Test Methods for Measuring the Cut Resistance of Textile Materials 
Three standard test methods have been established to determine the cut resistance of 
textile fabrics. ASTM F 1790 and ISO 13997 utilize similar instruments in which the 
material is supported by a metal mandrel and is subjected to a single pass from a cutting 
edge under a constant load [74,75]. This load can be varied in order to determine the 
necessary force required to produce a cut of a set distance. EN 388 is a cyclical test in 
which a round blade spins in contact with the test sample at a constant force of 5 N until 
failure occurs [76]. These standards require large amounts of fiber to be produced in 
order to make fabric samples and are not practical for investigating a large number of 
fiber iterations. 
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While no established standard for the cut testing of fiber or yarns exists, several authors 
have proposed procedures for testing fiber samples. Shockey et al and Mayo investigated 
the cut resistance of unsupported single fibers held in tension [77-79]. The researchers 
found that the tensile strength of the fiber was a large determining factor in the cut 
performance. However, these tests do not simulate the cutting process for protective 
clothing in which the textile material is supported by the wearer’s body. Moreland 
developed a procedure for testing single end yarns in which the sample is held over a 
steel mandrel and subjected to a compressive cutting action [56]. Results of this method 
were found to be in agreement with fabric samples tested via ASTM F 1790.  
1.7 Research Objectives  
The practical goal of this research was the development of a new polymer-ceramic 
composite fiber for use in cut protection. The fiber platform selected consisted of a 
bicomponent structure composed of an acrylic sheath and copolyaramid core. The 
copolyaramid component was chosen to provide excellent inherent cut resistance, while 
the acrylic would offer dyeability, improved light stability, and improved processability. 
Finally, aluminum oxide particles would be dispersed in the copolyaramid core to further 
enhance cut resistance. 
This research was organized into three main tasks: 
1. The determination of processing parameters necessary for the production of wet 
spun bicomponent fibers of sufficient uniformity. 
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2. The systematic investigation of both the wet spinning and heat treatment 
processes to determine the effects of processing conditions and the resulting fiber 
structure on the cut resistance of the bicomponent fibers. 
 
3. The development of a suitable method of dispersing the aluminum oxide particles 
in the bicomponent fiber and the determination of the effect of their inclusion on 
fiber properties. 
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2 Experimental 
2.1 Materials 
Table 2.1. Materials used. 
Chemical/Material Supplier Description 
p-phenylenediamine (PPD) TCI America 
MW 108.14, 25g,     
98% Pure 
1,4-bis(4-aminophenoxy)benzene 
(BAPOB) 
TCI America 
MW 292.34, 25g,     
98% Pure 
3,3’-dimethylbenzidine (DMB)  Acros Organics 
MW 212.29, 100g,   
97% Pure 
Terephthaloyl chloride (TC) Acros Organics 
MW 203.02, 250g,   
98% Pure 
N-methyl-2-pyrrolidone (NMP)  
Spectrum 
Chemical 
MW 99.13, 4L, 
Synthesis Grade 
Calcium oxide Acros Organics 
MW 57.07, 1kg,       
98% Pure 
Aluminum Oxide Particles 
AGSCO 
Corporation Off White Powder 
Acrylic Staple Fibers   ~2” Off White Fibers 
 
2.2 Polymer Solution Preparation 
2.2.1 Copolyaramid Solutions For Use as Bicomponent Fiber Core 
The aramid copolymer used as the bicomponent fiber core in this research was first 
described in U.S. Patent 4,987,215 and consists of 12.5mol% p-phenylenediamine (PPD), 
12.5mol% 1,4-bis(4-aminophenoxy)benzene (BAPOB), 25mol% 3,3’-dimethylbenzidine 
(DMB) and 50mol% terephthaloyl chloride (TC). The copolyaramid was polymerized via 
a polycondensation reaction in N-methyl-2-pyrrolidone (NMP) and yielded dope 
solutions containing ~6.5% polymer by mass. Calcium oxide was utilized to neutralize 
the hydrochloric acid (HCl) condensate. Dry argon was used as a shield gas and to aid in 
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the removal of HCl. Chemical structures of the monomers and solvent used in the 
polymerization are shown in Table 2.2. 
 
Table 2.2. Chemical structures of polymerization solvent and monomers. 
Chemical Chemical Structure 
p-phenylenediamine 
 
1,4-bis(4-
aminophenoxy)benzene 
 
3,3’-dimethylbenzidine 
 
Terephthaloyl chloride  
 
N-methyl-2-pyrrolidone 
 
 
 
Dimethylbenzidine (64.74g), p-phenylenediamine (16.51g), 1,4-bis(4-
aminophenoxy)benzene (44.72g), and N-methyl-2-pyrrolidone (2400ml) were added to a 
3L reaction vessel (Figure 2-1a) equipped with thermometer, gas inlet/outlet, overhead 
stirrer, and heating mantle. The materials were then stirred under argon sweep for 15 
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minutes. Once the diamines were completely dissolved, the solution was sparged with 
argon for 2 minutes. Terephthaloyl chloride (125g) and N-methyl-2-pyrrolidone (100ml) 
were then added to the reactor under continued argon sweep and stirring. After 1 hour, a 
slurry consisting of calcium oxide (56.47g) and N-methyl-2-pyrolidinone (362ml) was 
added to the reactor. The reactor temperature was then increased to 110°C and held for 1 
hour under constant stirring. The resulting copolyaramid solution, shown in Figure 2-1b, 
was then allowed to cool before being transferred to a 4L beaker. Separate synthesis 
reactions were conducted for each experiment in this work. The intrinsic viscosity of the 
polymer solutions ranged from 3.46 to 4.81 dL/g with an average intrinsic viscosity of 
4.23 dL/g. 
 
Figure 2-1. a) Copolyaramid reaction vessel and equipment. b) Resulting copolyaramid 
solution. 
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2.2.2 Aluminum Oxide Loaded Copolyaramid Solutions For Use as Bicomponent 
Fiber Core 
Copolyaramid solutions loaded with aluminum oxide particle fillers were produced using 
a modified version of the synthetic method outlined in section 2.2.1. Prior to the reaction, 
the aluminum oxide particles were dried at 120°C overnight. The requisite amount of 
particles to achieve the desired loading level was dispersed in a suitable volume of NMP 
(withheld from the initial charge) using a sonicator. The slurry of aluminum oxide 
particles was added to the reactor 15 minutes after the terephthaloyl chloride addition. 
2.2.3 Acrylic and Acrylic / Copolyaramid Blend Solutions For Use as Bicomponent 
Fiber Sheath 
Staple acrylic fibers were used to prepare the dope solutions for the fiber sheath. Dope 
solutions were produced by dissolving the acrylic staple fibers in NMP to produce the 
desired solution concentration (20% by weight). Dope solutions consisting of a blend of 
acrylic and copolyaramid were produced by adding the acrylic staple fibers directly to the 
copolyaramid solution. 
2.3 Fiber Processing 
2.3.1 Wet Spinning 
Sheath-core bicomponent fibers were spun using the pilot scale wet spinning line shown 
schematically in Figure 2-2. Prior to spinning, both polymer solutions were filtered using 
80/120 mesh wire screen and degassed for at least 12 hours under vacuum. Spinning 
solutions were heated to 50°C using electric heat trace. Solutions were forced to two 
separate 0.3 cc/rev metering pumps (Zenith Model H-9000) under a constant nitrogen 
pressure of 30 psi. Zenith MotionER software was used to control the speed of the pumps 
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and vary the fiber sheath-core ratio. Spinning solutions were pumped from the metering 
pumps to the spinneret pack (Hills Inc) assembly consisting of an inlet plate, filter plate, 
flow director plates, and spinneret consisting of nineteen holes. A constant spinneret hole 
size (150 µm) was used for all samples in this work except for initial trials in which a 500 
µm spinneret was utilized. The spin pack was placed inside a 20 L horizontal stainless 
steel coagulation tank. The coagulation bath was composed of mixtures of water (non-
solvent), NMP (solvent), and calcium chloride (miscibility modifier) and was at room 
temperature for all spin runs. The coagulated filaments were wrapped 3 times over a set 
of wash rolls and rinsed using a pressurized water nozzle. The filaments then passed 
through a steam heated water bath, were wrapped 3 times around the drying rolls, and 
finally collected on a bobbin using a constant speed winder. The wet draw ratio was 
controlled by changing the speed of the drying rolls. The total volumetric throughput (Q) 
and wash roll speed (V1) for all spinning trials were held constant at 4 ml/min and 7 
m/min, respectively, resulting in a constant jet stretch (Φ) of 0.58 calculated according to 
the equation: 
 
𝛷 =  
𝑉1
𝑄/𝜋𝑁ℎ𝑟ℎ
2 
(2-1) 
 
where Nh and rh are the number and radius of spinneret holes, respectively.  
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Figure 2-2. Pilot scale wet spinning line. 
 
2.3.2 Heat Treatment 
Fiber samples were drawn and heat treated using the pilot scale heat treatment line shown 
schematically in Figure 2-3. The as-spun fiber was wrapped along a series of rolls and 
passed through a glass oven chamber 17 cm in length. The chamber was heated using a 
nitrogen forced gas heating element (MHI Inc. Model LTA750-01) controlled by a 
variable autotransformer (VWR International). The heat treated fiber was then wrapped 
along a second series of rolls before being collected on a bobbin using a constant tension 
winder. The draw ratio and exposure time of the samples was controlled by changing the 
relative speeds of the drawing rolls. 
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Figure 2-3. Schematic of the heat treatment process. 
2.4 Fiber Analysis 
2.4.1 Microscopic Examination of Fibers 
2.4.1.1 Optical Microscopy 
Optical images were obtained using a Vistavision optical microscope equipped with 
ProgRes® CapturePro 2.0 software. Samples were prepared by placing a skein of fiber in 
a Hills microtome and cutting the excess fiber from both ends. 
2.4.1.2 Scanning Electron Microscopy 
Hitachi Scanning Electron Microscopes (SEM), TM3000 and SU6600, were used to 
investigate the morphology of the fiber samples. Fiber ends fractured in a tensile break 
were mounted onto the side of aluminum half-studs using carbon tape. A second 
aluminum half-stud was placed face-to-face with the first in order to limit the motion of 
the fiber tips during analysis. Samples were examined under the variable pressure setting 
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using a pressure of 30 Pa, a beam current of 20kV, and a working distance of 
approximately 10 mm.  
2.4.2 Linear Density 
Linear density in denier (grams / 9000 meters) of each fiber sample was determined by 
first cutting a 90 cm length. This length was then weighed to the nearest 0.1 mg using a 
Polyscale VI balance. This mass was multiplied by 10000 to determine the sample denier. 
2.4.3 Tensile Testing 
The tenacity, elongation, and initial modulus of the fiber samples were determined 
according to ASTM D2256 [80]. Fiber samples were tested using an Instron Model 1125 
equipped with Bluehill 2 analysis software. Prior to testing, the denier of each length was 
calculated as described in section 2.4.2. Samples were tested using a gauge length of 25 
cm. The rate of extension was chosen such that breaks occurred in 20 ±2 s. As-spun fiber 
samples were tested after applying a 1 turn per centimeter twist into the yarn using an 
ILE DE5 Digital Twist Counter. 
2.4.4 Sonic Velocity and Orientation 
Orientation of the fiber samples was determined according to the sonic pulse velocity 
method developed by Charch and Moseley [81,82] using a Dynamic Modulus Tester 
(Lawson Hemphill). The device consists of two piezoelectric transducers for transmitting 
and receiving sonic pulses placed at a specified separation along the length of a 
suspended fiber sample. The fiber sample was clamped on one end of the device and 
suspended between the two movable transducers. A timing circuit measures the time it 
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takes for the sonic pulse to travel along the fiber sample between the transducers. After 
each measurement, the transducers were moved 1 cm closer together. This process was 
repeated until 10 measurements were taken. The sonic velocity of the sample was then 
determined from the slope of the best fit line of the plot of transducer separation vs. 
transit time. The sonic modulus (E) of the sample in grams force per denier was then 
determined using the formula: 
 E = kC 
2
 (2-2) 
where k is a universal constant of 11.3 and C is the sonic velocity in km/s. The total 
molecular orientation factor (α) for each sample was then calculated according to the 
following equation 
 α = 1 - (Eu/E) (2-3) 
where Eu is the sonic modulus of an unoriented monofilament. 
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Figure 2-4. Calculation of sonic velocity using the sonic pulse velocity method. 
2.4.5 Fiber Cut Strength 
The cut strength of the fiber samples was determined using an experimental cut resistance 
testing (CRT) device, shown in Figure 2-5. The sample was secured over a curved steel 
mandrel at both ends with a pretension of 1 N and supported along its length by a metal 
support to prevent lateral movement of the bundle during testing. A blade was positioned 
perpendicular to the fiber sample and angled to approximately 0.2 degrees to create a 
wedge effect between the blade edge and supporting mandrel. During testing, as the blade 
moves across the fiber, the distance between the blade edge and the supporting mandrel 
decreases thus increasing the compressive loading on the sample. The tensile force on the 
fiber sample and the compressive force on the mandrel are recorded. A cut is indicated 
 37 
 
when the tensile force on the fiber drops to zero at which point the test is stopped. The 
cut strength of the fiber is defined by the peak force required to cut through the yarn 
normalized to linear density. Example output of the CRT device is shown in Figure 2-6. 
 
 
 
 
 
Figure 2-5. Experimental cut resistance testing device [56]. 
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Figure 2-6. Sample CRT device output. 
2.4.6 Particle Loading Level 
The loading level of aluminum oxide doped fibers was determined by thermogravimetric 
analysis (TGA) using a Hi-Res TGA 2950 Thermogravimetric Analyzer (TA Instruments 
Inc.). Each sample had a mass of approximately 5 mg and was placed into a clean 
platinum pan. The instrument was purged with nitrogen once the sample was loaded and 
a precise sample mass was measured. Samples were heated to a temperature 600°C at a 
heating rate of 20°C/min and a flow rate of 40 ml/min of nitrogen. The final remaining 
residue (Wt%) was determined for the particle doped fibers (Wt%doped), an undoped 
control fiber (Wt%fiber), and the neat particles (Wt%particle) from their respective 
thermograms. The particle loading (PL) was calculated according to Equation (2-4). 
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𝑃𝐿(%) =  
𝑊𝑡%𝑑𝑜𝑝𝑒𝑑 − 𝑊𝑡%𝑓𝑖𝑏𝑒𝑟
𝑊𝑡%𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝑊𝑡%𝑓𝑖𝑏𝑒𝑟
 ×  100 (2-4) 
2.5 Fabric Cut Strength 
 
Fabric cut strength was determined according to ASTM F1790 using a Cut Protection 
Performance Tester (CPPT) (Red Clay Inc.). Knit fabrics were produced using a 15 
gauge circular lab knitter. The resulting fabric tubes were slit and double sided tape was 
affixed to them, as specified by the test method. Five 38 mm diameter circular samples of 
each sample were cut using a hydraulic press. Each sample was tested over a range of 
loading levels to yield a range of cut through distances. From the resulting data, the rating 
load necessary to produce a cut through at the reference distance of 25.4 mm (1.0 in.) was 
calculated. 
2.6 Statistical Analysis 
 
Statistical analysis of the spinning and processing experiments undertaken in this 
research was performed using appropriate procedures in the SAS/STAT software. 
Responses analyzed for each experiment included tenacity, elongation at break, initial 
modulus, sonic velocity, and cut strength. Model effect estimates for each response were 
determined using the mixed model procedure and pareto charts were created. The pareto 
chart shows the absolute value of the model estimated for each main factor  and 
interaction in the experiment as a horizontal bar. Purple bars indicate statistically 
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significant effects based on a t-test at a significance level of 0.05. Effect estimates were 
used to construct predictive surface plots using the Maple computer algebra software. 
  
 41 
 
3 Results and Discussion 
The practical goal of this research was the development of a new polymer-ceramic 
composite fiber for use in cut protection (Figure 3-1). The fiber platform selected 
consisted of a bicomponent structure composed of an acrylic sheath and copolyaramid 
core. The copolyaramid component was chosen to provide excellent inherent cut 
resistance, while the acrylic would offer dyeability, improved light stability, and 
improved processability. Finally, aluminum oxide particles would be dispersed in the 
copolyaramid core to further enhance cut resistance.  
 
Figure 3-1: Proposed polymer-ceramic composite fiber composed of an 
acrylic/copolyaramid sheath/core bicomponent fiber filled with aluminum oxide particles. 
This research was organized into three main tasks: 
1. The determination of processing parameters necessary for the production of wet 
spun bicomponent fibers of sufficient uniformity. 
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2. The systematic investigation of both the wet spinning and heat treatment 
processes to determine the effects of processing conditions and the resulting fiber 
structure on the cut resistance of the bicomponent fibers. 
 
3. The development of a suitable method of dispersing the aluminum oxide particles 
in the bicomponent fiber and the determination of the effect of their inclusion on 
fiber properties. 
3.1 Establishing Base Spinning Solutions 
3.1.1 Initial Spin Trials 
Initial bicomponent fiber wet spinning trials were conducted using the equipment 
described in Section 2.3.1.  Fibers were spun using a 20 wt% solution of acrylic in N-
methyl-2-pyrrolidone (NMP) as the sheath solution and a 6.5 wt% solution of 
copolyaramid (Section 2.2.1) in NMP as the core solution. The coagulation bath was 
composed solely of water. A 19 hole, 500 µm spinneret intended for use in melt spinning 
applications was used in the preliminary spinning trials prior to obtaining a spinneret with 
smaller holes more suited to the wet spinning process. This resulted in very large fibers 
(>200 µm) that had to be hand wound onto bobbins following coagulation and washing. 
While such large fibers would not be useful in traditional textile processes, they could be 
used to investigate the sheath core fiber structure obtained from bicomponent wet 
spinning. The optical cross-section of the resulting fibers is shown in Figure 3-2. 
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Figure 3-2: Cross section of initial acrylic/copolyarmaid sheath core fibers showing a 
unique gapped structure. 
Initial fibers displayed a unique structure with a large gap between the sheath and core 
components. This result was consistent with other attempts at wet spinning bicomponent 
fibers where differences in coagulation and shrinkage rate lead to non-standard cross 
sections[40,41]. The samples were easily damaged during normal handling. The acrylic 
sheath flaked readily and the two components could be easily separated from one another. 
Additional trials were undertaken in an effort to better understand the gapped structure 
and overcome the fragility of the components. Cross sections of fiber samples 
immediately after coagulation and before drying, Figure 3-3, revealed that little to no gap 
exists between the sheath and the core. However, after drying overnight the same samples 
exhibited the gapped structure. It was also observed that no gap was present when the two 
components were reversed (copolyaramid core and acrylic sheath), as shown in Figure 
3-4. 
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Figure 3-3: Sheath core fiber samples a) immediately after coagulation with little to no gap. 
b) after drying overnight displaying gapped structure. 
 
Figure 3-4: Sheath core fibers with copolyaramid sheath and acrylic core (150 µm spinneret 
used). 
The above images indicate that the gapped fiber structure depends upon the relative 
shrinkage characteristics of the sheath and core components. The exchange of solvent and 
nonsolvent during coagulation causes both the sheath and core to shrink although not at 
the same rate. This effect is more pronounced as the fiber dries and the newly formed 
polymer networks collapse. If the sheath component shrinks less than the core, a gap is 
formed as in Figure 3-3. When the core component shrinks less the sheath will wrap 
closely around the core and no gap is formed (Figure 1-4). The degree to which a phase 
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inverted fiber or membrane shrinks may be controlled by the polymer solution 
concentration and coagulation conditions[44,59]. 
3.1.2 Gap Reduction 
Attempts to eliminate the gapped fiber structure by changing the coagulation bath 
composition (i.e. adding solvent or salt) were unsuccessful as such an approach affects 
both components in the same way and does little to change the relative shrinkage. One 
solution would be to decrease or increase the polymer concentration of either the sheath 
or the core to more closely match one another. However, this was not possible as the 
viscosities of the spinning solutions of the two polymers were not processable in 
overlapping concentration windows. Increasing the concentration of the copolyaramid 
solution resulted in gelation. Decreasing the concentration of the acrylic solution below 
15% resulted in a low viscosity system that did not form suitably strong fibers during 
spinning.  Instead, a sheath solution was produced by blending the acrylic and 
copolyaramid solutions at a 50:50 ratio, resulting in a solution consisting of 10 wt% 
acrylic and 3.25 wt% copolyaramid in NMP. Fibers spun using this blended solution as 
the sheath and the pure copolyaramid solution as the core are shown in Figure 3-5. 
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Figure 3-5: Fibers spun using an acrylic/copolyaramid blend solution as the fiber sheath 
and pure copolyaramid solution as the fiber core. 
The resulting fibers did not show the gapped fiber structure, which can be attributed to 
the decrease in solution concentration as well as increased interaction between the sheath 
and core solutions as both contained copolyaramid. Unfortunately this solution was not 
stable and phase separated during the spinning process, clogging the spinning lines, 
which is also the probable cause of the inconsistencies in sheath thickness seen in Figure 
3-5. Additional solutions containing both acrylic and copolyaramid for use as the fiber 
sheath were investigated by adding small amounts of acrylic (1-5%) directly to the 
copolyaramid solution. It was found that 2 wt% was the maximum acrylic addition that 
could be made to the 6.5 wt% copolyaramid solution and enable the system be stable to 
phase separation over a period of several days. Fibers spun using an acrylic/copolyaramid 
solution (2 wt% / 6.5 wt%) as the sheath and copolyaramid solution (6.5 wt%) as the core 
are shown in Figure 3-6.  
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Figure 3-6: Cross section of fibers spun using 2 wt% acrylic 6.5 wt% copolyaramid blend 
solution for the sheath component and showing a consolidated fiber structure. 
As with previous fibers from acrylic/copolyaramid blend sheath solutions, fibers shown 
in Figure 3-6 show a consolidated fiber structure resulting from similar shrinkage rates 
and increased interaction between the sheath and core components. No separation 
between the sheath and core can be observed as both components primarily consist of 
copolyaramid. This allows aramid chains in the sheath and core to interact with one 
another and diffuse between the two components prior to coagulation, which should 
inhibit delamination / separation of the sheath and core during later processing. The 
sheath solution consisting of 2 wt% acrylic and 6.5 wt% copolyaramid did not show the 
phase separation issues of previous blended solutions and produced fibers with increased 
consistency in sheath core structure. As a result, this sheath spinning solution was chosen 
along with a pure (6.5 wt%) copolyaramid solution as the base compositions for all 
subsequent fiber spinning experiments. 
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3.2 Designed Experiment 1: Effects of Sheath/Core Composition and 
Coagulation Conditions on Fiber Structure and Properties 
 
Previous experiments performed by Moreland have shown that the coagulation conditions 
during fiber spinning play a significant role in determining the cut resistance of the 
resulting copolyaramid fibers[56]. High concentrations of solvent and salt during 
coagulation were shown to improve cut resistance. However, it was unknown how these 
factors would interact with the acrylic/copolyaramid sheath or impact the sheath core 
structure of the fiber. An experiment was designed to study the effect of sheath core ratio 
and coagulation conditions on the structure and properties of the bicomponent fibers. 
Four treatment factors were studied including two mixture variables, sheath and core, and 
two process variables, solvent concentration and salt (calcium chloride) content (Table 
3.1).   
Table 3.1: Treatment factors and levels for DOE 1. 
Factor Name 
Factor 
Code 
Low 
Level 
(-1) 
High Level 
(1) 
Units 
Sheath 
Polymer 
Sheath 0.2 0.8 
Volumetric 
Ratio 
Core Polymer Core 0.2 0.8 
Volumetric 
Ratio 
Solvent 
Concentration 
Solvent 0 40 Volume % 
Salt Content Salt 0 4 
mol 
CaCl2/L 
water 
 
The mixture variables were studied at each of five mixture blends. Solvent concentration 
and salt content were each studied at two different levels resulting in four distinct 
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coagulation conditions.  The experiment was conducted by embedding the 5 mixture 
blends at each of the four processing conditions (Figure 3-7).  A split-plot design was 
employed due to the hard to change nature of the coagulation factors in order to reduce 
the time and cost of the experiment. In a split-plot design, treatment factors are applied in 
stages or at different times, creating experimental blocks or plots of different sizes. This 
restriction on randomization must be accounted for during the analysis of the 
experimental data or incorrect conclusions may be drawn. The complete listing of 
experimental runs and the order in which they were conducted is shown in Table 3.2. 
Fiber samples were spun as described in Section 2.3.1 Spinning parameters that were 
constant throughout the experiment are summarized in Table 3.3. 
 
 
Figure 3-7: Graphical representation of two component mixture design embedded in 2
2
 
factorial design of coagulation factors. 
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Table 3.2: Experimental runs for DOE 1. 
Standard 
Order 
Processing Conditions Coded Variables 
Run 
Order 
Sheath 
(ratio) 
Core 
(ratio) 
Solvent 
(%) 
Salt 
(mol/L) 
Sheath Core Solvent Salt 
1 0.8 0.2 0 0 1 0 -1 -1 2 
2 0.2 0.8 0 0 0 1 -1 -1 1 
3 0.5 0.5 0 0 0.5 0.5 -1 -1 4 
4 0.65 0.35 0 0 0.75 0.25 -1 -1 7 
5 0.35 0.65 0 0 0.25 0.75 -1 -1 6 
6 0.5 0.5 0 0 0.5 0.5 -1 -1 5 
7 0.5 0.5 0 0 0.5 0.5 -1 -1 3 
8 0.8 0.2 40 0 1 0 1 -1 17 
9 0.2 0.8 40 0 0 1 1 -1 21 
10 0.5 0.5 40 0 0.5 0.5 1 -1 15 
11 0.65 0.35 40 0 0.75 0.25 1 -1 19 
12 0.35 0.65 40 0 0.25 0.75 1 -1 18 
13 0.5 0.5 40 0 0.5 0.5 1 -1 16 
14 0.5 0.5 40 0 0.5 0.5 1 -1 20 
15 0.8 0.2 0 4 1 0 -1 1 10 
16 0.2 0.8 0 4 0 1 -1 1 12 
17 0.5 0.5 0 4 0.5 0.5 -1 1 9 
18 0.65 0.35 0 4 0.75 0.25 -1 1 8 
19 0.35 0.65 0 4 0.25 0.75 -1 1 11 
20 0.5 0.5 0 4 0.5 0.5 -1 1 13 
21 0.5 0.5 0 4 0.5 0.5 -1 1 14 
22 0.8 0.2 40 4 1 0 1 1 27 
23 0.2 0.8 40 4 0 1 1 1 28 
24 0.5 0.5 40 4 0.5 0.5 1 1 24 
25 0.65 0.35 40 4 0.75 0.25 1 1 22 
26 0.35 0.65 40 4 0.25 0.75 1 1 25 
27 0.5 0.5 40 4 0.5 0.5 1 1 23 
28 0.5 0.5 40 4 0.5 0.5 1 1 26 
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Table 3.3: Spinning parameters held constant in DOE 1. 
Processing Parameter Set Point 
Spinneret Holes 19 
Hole Size 150 µm 
Sheath Polymer Solution 
2% Acrylic 6.5% 
Copolyaramid 
Core Polymer Solution 6.5% Copolyaramid 
Total Volumetric 
Throughput 
4 mL/min 
Wash Roll Speed 7 m/min 
Wet Draw Ratio 1.05 
Coagulation Bath 
Temperature 
Room Temperature 
Wash Bath Temperature 85°C 
 
Statistical analysis of the embedded mixture design was performed using the mixed linear 
model procedure (proc mixed) of SAS/STAT software, Version 9.3. Repeated 
measurements were used in favor of full replication of the experimental runs due to the 
cost of the experiment. Source code for the SAS procedure is shown in Appendix A. 
 
 
3.2.1 Fiber Morphology 
 
SEM images of the fibers produced in DOE 1 were obtained in order to investigate the 
effects of coagulation conditions and sheath core ratio on the bicomponent fiber 
morphology. Representative samples for fibers coagulated under each of the four 
coagulation conditions are presented in Figure 3-8. Fibers spun into a pure water 
coagulation bath (Figure 3-8a) show many large macrovoids throughout the fiber cross 
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section. This is to be expected as the pure water coagulation bath causes rapid 
coagulation and instantaneous demixing which promotes the formation of macrovoids 
(Section 1.4.1). Fiber samples from the salt coagulation bath (Figure 3-8b) also show the 
presence of a significant number of macrovoids as well as poor circularity. The addition 
of salt to the coagulation bath lowers the flux of nonsolvent into the fiber while the flux 
of solvent out of the fiber remains unchanged. As a result, the overall coagulation rate 
remains rapid and leads to the formation of macrovoids and a rigid skin layer. The 
reduced flux of nonsolvent into the fiber causes the polymer solution to concentrate and 
collapse in upon itself during coagulation, distorting the skin layer leading to a non-
circular shape. Addition of solvent to the coagulation bath reduces the flux of both the 
nonsolvent and solvent. This leads to a decrease in the coagulation rate of the fiber and 
suppresses the formation of macrovoids, as seen in Figure 3-8c. The suppression of 
macrovoids and formation of a more consolidated structure is more evident when both 
solvent and salt are present in the coagulation bath (Figure 3-8d). 
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Figure 3-8: SEM images of 50-50 sheath-core fibers spun into coagulation baths consisting 
of a) water b) salt c) solvent d) solvent and salt. 
The bicomponent acrylic/copolyarmaid fibers spun in DOE 1 show similar trends in 
coagulation behavior and macrovoid suppression as those reported for single component 
copolyaramid fibers [56].  However, comparisons of bicomponent and single component 
fibers spun under the same conditions show key differences. Single component fibers 
spun using a pure water coagulation bath show far fewer macrovoids than the 
corresponding bicomponent fiber (Figure 3-9). Likewise, macrovoids are completely 
eliminated for single component copolyaramid fibers spun into coagulation baths 
containing solvent (40 vol%) and salt (4 mol/L water) but still remain in the bicomponent 
fibers. These observations indicate that the bicomponent system coagulates more rapidly 
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than single component copolyaramid fibers as a result of the acrylic/copolyaramid blend 
solution used for the fiber sheath. Similar observations of increased coagulation rate have 
been reported for membranes formed from other quaternary systems and were attributed 
to the increase to the instability of the polymer blend [44,83,84]. This is most commonly 
observed when poly(vinyl pyrrolidone) (PVP), a water soluble polymer, is added to 
casting solutions of polysulfone or poly(ether sulfone) in order to increase membrane 
porosity and connectivity [84]. In this case, macrovoid formation is also suppressed as 
the hydrophilic nature of the PVP prevents the formation of nuclei of the polymer lean 
phase [84]. Boom et al. studied the quaternary system consisting of water, NMP, 
poly(ether sulfone), and polystyrene in which, as in this research, both polymers are 
insoluble in the nonsolvent [83]. Boom found that addition of polystyrene to the 
poly(ether sulfone) casting solution resulted in an increased coagulation rate and 
formation of macrovoids [83]. 
 
Figure 3-9: SEM images of fibers spun into 100% water coagulation baths. a) Bicomponent 
b) Single component. 
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Figure 3-10: SEM images of fibers spun into coagulation baths containing solvent (40 vol%) 
and salt (4 mol CaCl2/L water). a) Bicomponent b) Single component. 
Bicomponent fiber samples spun under the same coagulation conditions show similar 
fiber morphologies regardless of sheath-core ratio (Figure 3-11). Because no separation 
exists between the sheath and core components in this bicomponent system, the 
coagulation behavior of the entire fiber is dictated by the sheath solution. The rapid phase 
separation of the sheath due to the instability of the blend solution causes the nucleation 
of droplets of the polymer lean phase. These droplets grow into macrovoids when the 
polymer solution ahead of the diffusion front is stable (i.e. no new nuclei are forming), as 
is the case at the boundary between the sheath and core solutions. This allows 
macrovoids to grow into the pure copolyaramid core even under coagulation conditions 
that would not result in macrovoid formation for single component fibers. 
 56 
 
 
Figure 3-11: SEM images of bicomponent fibers spun into 100% water coagulation baths. a) 
65-35 sheath-core. b) 20-80 sheath-core. 
 
3.2.2 Molecular Orientation 
The measured sonic velocity of the fiber samples ranged from 2.44 to 3.16 km/s with a 
mean velocity of 2.69 km/s. Sonic velocity can be used to calculate the orientation factor 
along the fiber axis by comparison to the measured velocity of an unoriented fiber sample 
(Section 2.4.4). Calculated values of molecular orientation ranged from 0.53 to 0.72 with 
an average value of 0.62 (Table 3.4). These values are much lower than those of the 
commercial para-aramid fibers Kevlar® (8.1 km/s) and Technora® (7.9 km/s) due to a 
lack of liquid crystalline behavior or subsequent high temperature drawing. The sonic 
velocities of the as-spun fibers are also lower than those of commercial textile fibers such 
as polyethylene terephthalate (PET) (3.4-5.9 km/s). 
None of the experimental factors had a statistically significant effect on the sonic velocity 
of the fiber samples (Figure 3-12). This is expected as orientation primarily results from 
the threadline tension during spinning. Fiber samples in this experiment were produced at 
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a constant take up speed and draw ratio. As such, the forces acting on the threadline 
would be similar for all samples. Additionally, fiber samples were drawn at a very low 
draw ratio (1.05x) sufficient only to maintain tension between the wash and draw rolls. 
Differences in the drawing behavior of the polymer blend (sheath) and pure copolyaramid 
(core) would likely not be detected at such a low draw ratio. The constant nature of the 
predicted sonic velocity is illustrated in the response surface shown in Figure 3-13. 
Table 3.4: Sonic velocities and calculated orientation factors of DOE 1 fiber samples. 
Minimum (red) and maximum (green) values are highlighted. 
 
Sonic 
Velocity 
(km/s)
Orientaiton 
Factor
Sonic 
Velocity 
(km/s)
Orientaiton 
Factor
Sonic 
Velocity 
(km/s)
Orientaiton 
Factor
Sonic 
Velocity 
(km/s)
Orientaiton 
Factor
80-20 2.70 0.62 2.65 0.60 80-20 2.73 0.63 2.66 0.61
65-35 2.66 0.61 2.58 0.58 65-35 2.76 0.63 2.60 0.59
50-50 1 2.76 0.63 2.67 0.61 50-50 1 2.69 0.62 2.67 0.61
50-50 2 2.73 0.63 2.61 0.59 50-50 2 2.72 0.62 2.67 0.61
50-50 3 2.82 0.65 2.70 0.62 50-50 3 2.62 0.60 2.69 0.62
35-65 3.00 0.69 2.63 0.60 35-65 2.71 0.62 2.58 0.58
20-80 2.79 0.64 2.64 0.60 20-80 2.75 0.63 2.73 0.63
Sonic 
Velocity 
(km/s)
Orientaiton 
Factor
Sonic 
Velocity 
(km/s)
Orientaiton 
Factor
Sonic 
Velocity 
(km/s)
Orientaiton 
Factor
Sonic 
Velocity 
(km/s)
Orientaiton 
Factor
80-20 2.69 0.62 2.61 0.59 80-20 2.80 0.64 2.67 0.61
65-35 2.44 0.53 2.61 0.59 65-35 2.74 0.63 2.63 0.60
50-50 1 2.58 0.58 2.62 0.60 50-50 1 2.89 0.67 2.69 0.62
50-50 2 2.66 0.61 2.72 0.62 50-50 2 2.78 0.64 2.58 0.58
50-50 3 2.62 0.60 2.61 0.59 50-50 3 2.87 0.66 2.57 0.58
35-65 3.16 0.72 2.84 0.66 35-65 2.69 0.62 2.66 0.61
20-80 2.50 0.56 2.63 0.60 20-80 2.66 0.61 2.83 0.65
Sheath-
Core Ratio
Salt
Rep 1 Rep 2 Sheath-
Core 
Ratio
Solvent & Salt
Rep 1 Rep 2
Sheath-
Core Ratio
Water
Rep 1 Rep 2 Sheath-
Core 
Ratio
Solvent
Rep 1 Rep 2
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Figure 3-12: Pareto chart of effect estimates for sonic velocity. 
 
Figure 3-13: Response surface of predicted values of sonic velocity versus coded levels of 
Sheath and Solvent when Salt=1. 
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3.2.3 Elongation 
The elongation at break of fiber samples produced in DOE 1 ranged from 3.86 to 27.74% 
with an average value of 12.59% (Table 3.5). Elongation of the as-spun fibers is higher 
than for both Kevlar® (3.1%) and Technora® (4.0%) as a result of lower levels of 
orientation. The elongation at break of the DOE 1 samples is similar to that of highly 
orientated PET fibers (~8%) but much lower than PET fibers with similar levels of 
orientation (~50-80%). The copolyaramid fibers show lower values of elongation at 
similar orientation due to the increased stiffness of the aramid polymer backbone.  
The sheath core ratio and solvent concentration of the coagulation bath were both shown 
to have a significant effect on the elongation at break of the fiber samples (Figure 3-14). 
Elongation was observed to be relatively constant for fibers coagulated in the absence of 
solvent. This consistency indicates that the sheath component does not inherently possess 
more elongation than the core. However, fibers with high sheath core ratios did display 
increased elongation when solvent was present in the coagulation bath, as illustrated in 
the response surface below (Figure 3-15). This increase in elongation was less 
pronounced at lower levels of sheath core ratio. It is thought that porosity resulting from 
the acrylic/copolyaramid blend solution increases the amount of residual solvent held 
within the fiber. This residual solvent acts as a plasticizer, increasing the elongation 
potential of the fibers. 
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Table 3.5: Elongation at break of DOE 1 fiber samples. Minimum (red) and maximum 
(green) values are highlighted. 
 
 
Figure 3-14: Pareto chart of effect estimates for breaking elongation. 
Rep 1 Rep2 Rep 1 Rep2
80-20 11.23 11.5 80-20 21.96 22.45
65-35 10.54 10.76 65-35 25.06 24.81
50-50 1 10.46 8.21 50-50 1 18.38 15.21
50-50 2 6.9 9.13 50-50 2 14.56 9.34
50-50 3 9.92 10.61 50-50 3 8.66 16.21
35-65 5.65 6.56 35-65 7.37 8.31
20-80 12.15 9.21 20-80 11.03 10.47
Rep 1 Rep2 Rep 1 Rep2
80-20 10.42 11.11 80-20 23.98 25.18
65-35 9.88 9.72 65-35 27.74 26.12
50-50 1 12.03 8.31 50-50 1 8.64 12.86
50-50 2 5.34 7.35 50-50 2 24.48 18.34
50-50 3 10.34 10.32 50-50 3 16 19.26
35-65 3.86 5.28 35-65 11.3 13.14
20-80 6.6 6.23 20-80 5.66 8.84
Sheath-Core 
Ratio
Salt
Sheath-Core 
Ratio
Solvent & Salt
Elongation (%) Elongation (%)
Sheath-Core 
Ratio
Water
Sheath-Core 
Ratio
Solvent
Elongation (%) Elongation (%)
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Figure 3-15: Response surface of predicted values of elongation versus coded levels of 
Sheath and Solvent when Salt=1. 
3.2.4 Initial Modulus 
 
Fiber initial modulus ranged from 58.64 to 91.31 gpd with an overall mean of 72.38 gpd 
(Table 3.6). Again, the low levels of orientation present in the as-spun fibers result in 
initial moduli well below those of Kevlar® (554 gpd) and Technora® (566 gpd). The stiff 
nature of the copolyaramid backbone causes initial modulus of DOE 1 samples to be 
comparable to more highly oriented PET fibers (30-150 gpd depending on orientation). 
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 As expected, sheath core ratio had a significant effect on the fiber modulus, decreasing it 
as the amount of sheath present in the fiber was increased (Figure 3-16). The 
acrylic/copolyaramid sheath displays a lower initial modulus than the pure copolyaramid 
core due to the reduction of interchain interactions in the polymer blend. Salt content and 
its interaction with solvent concentration were also significant. The presence of salt in the 
coagulation bath increases the consolidation of the as-spun fiber, improving the fiber 
modulus. Initial modulus was observed to be highest for fibers in which the presence of 
large macrovoids had been greatly reduced. The effects of sheath core ratio and salt 
content on fiber initial modulus are shown in Figure 3-17.  
Table 3.6: Initial modulus values for Experiment 1 fiber samples. Minimum (red) and 
maximum (green) values are highlighted. 
 
Rep 1 Rep2 Rep 1 Rep2
80-20 61.79 61.13 80-20 61.49 60.14
65-35 66.85 68.21 65-35 63.92 64.23
50-50 1 71.78 72.5 50-50 1 64.26 65.3
50-50 2 70.47 70.32 50-50 2 68.39 70.21
50-50 3 75.81 71.14 50-50 3 70.8 64.21
35-65 91.31 88.21 35-65 76.27 71.34
20-80 89.08 86.36 20-80 71.06 69.83
Rep 1 Rep2 Rep 1 Rep2
80-20 68.06 67.89 80-20 74.87 76.22
65-35 63.57 65.51 65-35 77.37 72.34
50-50 1 63.02 60.38 50-50 1 82.98 79.14
50-50 2 58.64 59.84 50-50 2 79.69 77.82
50-50 3 62.04 61.61 50-50 3 82.61 79.62
35-65 91.24 88.12 35-65 84.73 85.67
20-80 67.95 69.86 20-80 82.14 84.21
Sheath-Core 
Ratio
Salt
Sheath-Core 
Ratio
Solvent & Salt
Initial Modulus (gpd) Initial Modulus (gpd)
Sheath-Core 
Ratio
Water
Sheath-Core 
Ratio
Solvent
Initial Modulus (gpd) Initial Modulus (gpd)
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Figure 3-16: Pareto chart of effect estimates for initial modulus. 
 
Figure 3-17: Response surface of predicted values of initial modulus versus coded levels of 
Sheath and Salt when Solvent=1. 
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3.2.5 Tenacity 
 
The tenacity of the fiber samples ranged from 0.97 to 1.71 gpd with an average tenacity 
of 1.33 gpd (Table 3.7). Tenacity of the as-spun bicomponent fibers is much lower than 
other aramid fibers (23-25 gpd) as well as commodity fibers like PET (2-8 gpd) due to a 
lack of orientation and the presence of large voids within the fiber.  Again, sheath core 
ratio was significant as a result of decreased intermolecular interactions in the sheath 
component (Figure 3-18). This effect was most apparent for fibers coagulated in the 
water and salt coagulation baths. Fibers coagulated in baths containing solvent showed 
more consistent tenacity values with respect to sheath core ratio. This is due to the 
increase in elongation at higher levels of sheath described above. Tenacity was highest in 
fibers coagulated in the bath containing both solvent and salt due to the elimination of 
large macrovoids that serve as defects during tensile loading. The effects of sheath core 
ratio and bath solvent content on fiber tenacity are shown in Figure 3-19. 
 65 
 
Table 3.7: Tenacity values for DOE 1 fiber samples. Minimum (red) and maximum (green) 
values are highlighted. 
 
 
Figure 3-18: Pareto chart of effect estimates for tenacity. 
Rep 1 Rep2 Rep 1 Rep2
80-20 0.99 1.04 80-20 1.18 1.23
65-35 1.21 1.17 65-35 1.29 1.31
50-50 1 1.35 1.31 50-50 1 1.24 1.34
50-50 2 1.21 1.28 50-50 2 1.32 1.27
50-50 3 1.36 1.33 50-50 3 1.2 1.34
35-65 1.54 1.48 35-65 1.27 1.41
20-80 1.67 1.71 20-80 1.18 1.51
Rep 1 Rep2 Rep 1 Rep2
80-20 1.12 1.2 80-20 1.47 1.51
65-35 1.13 1.22 65-35 1.61 1.58
50-50 1 1.16 1.18 50-50 1 1.52 1.62
50-50 2 0.97 1.24 50-50 2 1.56 1.54
50-50 3 1.09 1.09 50-50 3 1.35 1.32
35-65 1.5 1.42 35-65 1.38 1.64
20-80 1.17 1.31 20-80 1.34 1.71
Sheath-Core 
Ratio
Salt
Tenacity (gpd)
Sheath-Core 
Ratio
Solvent & Salt
Tenacity (gpd)
Tenacity (gpd)
Water
Sheath-Core 
Ratio
Sheath-Core 
Ratio
Solvent
Tenacity (gpd)
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Figure 3-19: Response surface for predicted values of tenacity versus coded levels Sheath 
and Solvent when Salt=1. 
3.2.6 Cut Strength 
 
The measured cut strength of DOE 1 fibers ranged from 0.91 to 2.31 cN/tex with an 
overall mean of 1.42 cN/tex (Table 3.8). While the cut strength values of the 
experimental fibers were below those of Kevlar® (3.05 cN/tex) and Technora® (6.46 
cN/tex), they are more comparable than fiber tenacity or initial modulus. Previously, the 
comparatively high cut resistance of copolyaramid fibers was attributed to the its ability 
to prevent the propagation transverse defects due to the random nature of the polymer 
backbone and increased isotropy. This hypothesis will be further tested in coming 
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experiments as the axial orientation of the copolyaramid fibers is increased by the wet 
draw and heat treatment processes.  
The sheath core ratio as well as the solvent concentration and salt content of the 
coagulation bath were shown have a significant effect on the fiber cut strength (Figure 
3-20). Cut strength decreased as the sheath core ratio was increased as a result of the 
disruption of intermolecular forces between copolyaramid chains in the sheath 
component. This effect is illustrated by the response surface shown in Figure 3-21. Cut 
strength was also improved in fibers coagulated in the presence of both solvent and salt 
(Figure 3-22). This was attributed to the suppression of macrovoids and formation of a 
more consolidated structure and is consistent with results reported for single component 
copolyaramid fibers [56]. However, the measured cut strength for the bicomponent fibers 
was, in general, lower than those reported for single component samples due to the 
increased coagulation rate brought on by the blended sheath solution. 
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Table 3.8: Measured cut strength values for DOE 1 fiber samples. Minimum (red) and 
maximum (green) values are highlighted. 
 
 
Figure 3-20: Pareto chart of effect estimates for cut strength. 
Rep 1 Rep2 Rep 1 Rep2
80-20 1.45 1.42 80-20 1 1.02
65-35 1.52 1.26 65-35 1.14 1.14
50-50 1 1.6 1.6 50-50 1 1.18 1.32
50-50 2 1.42 1.42 50-50 2 1.25 1.32
50-50 3 1.5 1.38 50-50 3 0.95 0.95
35-65 1.73 1.84 35-65 1.76 1.76
20-80 1.17 1.72 20-80 1.23 1.53
Rep 1 Rep2 Rep 1 Rep2
80-20 1.35 2.14 80-20 0.94 1.07
65-35 0.91 0.57 65-35 1.55 1.43
50-50 1 1.21 1.27 50-50 1 1.3 1.3
50-50 2 1.04 0.84 50-50 2 1.71 1.87
50-50 3 1.38 1.18 50-50 3 1.73 1.97
35-65 1.56 1.21 35-65 2.22 2.14
20-80 1.82 0.91 20-80 2.03 2.31
Sheath-Core 
Ratio
Salt
Sheath-Core 
Ratio
Solvent & Salt
Cut Strength (cN/tex) Cut Strength (cN/tex)
Sheath-Core 
Ratio
Water
Sheath-Core 
Ratio
Solvent
Cut Strength (cN/tex) Cut Strength (cN/tex)
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Figure 3-21: Response surface of predicted values of cut strength versus coded levels of 
Sheath and Solvent when Salt=1. 
 
Figure 3-22: Response surface for predicted values of cut strength versus coded levels of 
Solvent and Salt when Sheath=0. 
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3.3 Designed Experiment 2: Effects of Sheath/Core Compositon and Wet 
Draw Ratio on Fiber Structure and Properties 
 
Moreland’s experiments on single component copolyaramid fibers also revealed that the 
wet draw ratio was an important processing parameter for improving fiber cut strength 
[56]. The drawing process was shown to increase the level of molecular orientation 
within the fibers. Additionally, drawing of fiber samples produced under conditions 
promoting a slow coagulation rate resulted in the formation of fibrillar structures within 
the fibers. It was unknown if similar structures would be observed for the bicomponent 
system in which the coagulation rate was increased due to the blend solution used for the 
fiber sheath. The impact of the acrylic/copolyaramid blend on the development of 
orientation in the bicomponent fibers was also of interest. An experiment was designed to 
study the effect of the sheath core ratio and the wet draw ratio on the structure and 
properties of the bicomponent fibers. Three treatment factors were studied including the 
two mixture variables, sheath and core, and the process variable wet draw ratio (Table 
3.9). 
 
Table 3.9: Treatment factors and levels for DOE 2. 
Factor 
Name 
Factor 
Code 
Low 
Level (-1) 
High 
Level (1) 
Units 
Sheath 
Polymer 
Sheath 0.1 0.3 
Volumetric 
Ratio 
Core 
Polymer 
Core 0.7 0.9 
Volumetric 
Ratio 
Wet Draw 
Ratio 
Draw 1.05 1.25 Ratio 
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The mixture variables were studied at three sheath core ratios: 30-70, 20-80, and 10-90. 
Fewer mixture blends (compared to DOE 1) were studied in order to reduce the 
experimental runs required for the experiment. Only sheath core ratios containing high 
amounts of the core component were studied. The wet draw ratio was studied at two 
different levels. The experiment was conducted as a completely randomized embedded 
mixture design. A split-plot design was not necessary as in Experiment 1 because the 
draw ratio can be changed easily between experimental runs. Replication of each 
experimental run was necessary in order to estimate the mixture variable effects. The 
complete listing of experimental runs and the order in which they were conducted is 
shown in Table 3.10. Fiber samples were spun as described in Section 2.3.1. Spinning 
parameters that were constant throughout the experiment are summarized in Table 3.11. 
Table 3.10: Experimental runs for DOE 2. 
 
Sheath 
(ratio)
Core 
(ratio)
Draw 
(ratio)
Sheath Core Draw
1 0.1 0.9 1.05 0 1 -1 2
2 0.1 0.9 1.05 0 1 -1 14
3 0.1 0.9 1.25 0 1 1 9
4 0.1 0.9 1.25 0 1 1 5
5 0.2 0.8 1.05 0.5 0.5 -1 6
6 0.2 0.8 1.05 0.5 0.5 -1 8
7 0.2 0.8 1.05 0.5 0.5 -1 16
8 0.2 0.8 1.05 0.5 0.5 -1 15
9 0.2 0.8 1.25 0.5 0.5 1 10
10 0.2 0.8 1.25 0.5 0.5 1 3
11 0.2 0.8 1.25 0.5 0.5 1 7
12 0.2 0.8 1.25 0.5 0.5 1 1
13 0.3 0.7 1.05 1 0 -1 4
14 0.3 0.7 1.05 1 0 -1 13
15 0.3 0.7 1.25 1 0 1 12
16 0.3 0.7 1.25 1 0 1 11
Processing Conditions Coded Variables
Standard 
Order
Run 
Order
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Table 3.11: Spinning parameters held constant during DOE 2. 
Processing 
Parameter 
Set Point 
Spinneret Holes 19 
Hole Size 150 µm 
Sheath Polymer 
Solution 
2% Acrylic 6.5% 
Copolyaramid 
Core Polymer 
Solution 
6.5% Copolyaramid 
Total Volumetric 
Throughput 
4 ml/min 
Wash Roll Speed 7 m/min 
Coagulation Bath 
Solvent 
Concentration 
40% (by volume) 
Coagulation Bath  
Salt Content 
4 mol CaCl2 / l H20 
Coagulation Bath 
Temperature 
Room Temperature 
Wash Bath 
Temperature 
85°C 
 
Statistical analysis of the embedded mixture design was performed using the mixed linear 
model procedure (proc mixed) of SAS/STAT software, Version 9.3. Source code for the 
SAS procedure is listed in Appendix A. 
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3.3.1 Fiber Morphology 
SEM images of the fibers produced in DOE 2 were obtained in order to investigate the 
effects the wet drawing process on the bicomponent fiber structure. Representative 
samples of fibers produced under low (1.05x) and high (1.25x) draw conditions are 
shown in Figure 3-23. Low draw samples (Figure 3-23a) show fiber structure similar to 
Experiment 1 fibers spun when solvent and salt were present in the coagulation bath. 
Fibers show a porous sponge-like structure and the occasional presence of large 
macrovoids. The development of a more fibrillar structure (Figure 3-23b) and formation 
of macrofibrils (Figure 3-23c) are observed for fibers produced at the higher draw ratio. 
During drawing, small voids present in the fiber elongate and combine to form ordered 
fibrillar structures. Macrofibril domains were less prevalent than for single component 
copolyarmaid fibers produced under similar conditions by Moreland [56]. Moreland 
states that macrofibrils were observed after drawing fibers coagulated at high 
concentrations of solvent and salt. However, the bicomponent fibers spun under the same 
conditions more closely resemble single component fibers spun at low concentrations of 
solvent and salt due to the unstable nature of the acrylic/copolyaramid blend solution, as 
described in Section 1.2.1. No difference in fiber structure as a result of sheath core ratio 
was observed for the three mixtures studied in Experiment 2. 
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Figure 3-23: SEM images of DOE 2 fiber samples. a) 10-90 sheath core ratio fiber produced 
at 1.05x draw ratio showing granular surface and no macrofibrils. b-c) 10-90 sheath core 
ratio fibers produced at 1.25x draw ratio showing the development and presence of 
macrofibrils. 
3.3.2 Orientation 
The measured sonic velocity of the fiber samples ranged from 2.56 to 3.63 km/s with a 
mean velocity of 2.86 km/s. Calculated values of molecular orientation ranged from 0.58 
to 0.79 with an average value of 0.65 (Table 3.4). Both the sheath core ratio and draw 
ratio had a statistically significant effect on the sonic velocity of the fiber samples (Figure 
3-24). As expected, the drawing process caused polymer chains to align in the fiber 
direction due to viscous flow, increasing orientation. An increase in sonic modulus and 
orientation as a result of drawing was observed regardless of sheath core ratio, as seen in 
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the predictive response surface shown in Figure 3-25. The effect of sheath core ratio on 
the sonic velocity and orientation of the fibers is more complex. When the draw ratio is 
low (1.05x-enough to keep threadline tension) sonic velocity is independent of sheath 
core ratio. This is consistent with results observed in DOE 1. However, at higher draw 
ratios more orientation is developed in fibers composed of more pure copolyaramid 
(lower sheath core ratio). This differing response to the drawing process results in the 
observed sheath core effect on the sonic velocity (Figure 3-25). 
It is thought that the difference in drawing behavior of fibers with different sheath core 
ratios is a result of the acrylic/copolyaramid blend sheath. Brody has shown that the 
development of orientation is suppressed in melt spun fibers produced from immiscible 
polymer blends [85]. Orientation of polypropylene, polyethylene terephthalate, and nylon 
66 fibers produced at high wind up speeds was reduced when 2-10% of a second polymer 
was added. This orientation suppression behavior was not observed at low wind up 
speeds, consistent with the low draw findings of this research.  
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Table 3.12: Sonic velocity and orientation factor values for DOE 2 fiber samples. Minimum 
(red) and maximum (green) values are highlighted. 
Standard 
Order 
Sheath 
(ratio) 
Core 
(ratio) 
Draw 
(ratio) 
Sonic 
Velocity 
(km/s) 
Orientation 
Factor 
1 0.1 0.9 1.05 2.71 0.62 
2 0.1 0.9 1.05 2.67 0.61 
3 0.1 0.9 1.25 3.63 0.79 
4 0.1 0.9 1.25 3.27 0.74 
5 0.2 0.8 1.05 2.58 0.58 
6 0.2 0.8 1.05 2.71 0.62 
7 0.2 0.8 1.05 2.79 0.64 
8 0.2 0.8 1.05 2.47 0.54 
9 0.2 0.8 1.25 3.13 0.72 
10 0.2 0.8 1.25 2.90 0.67 
11 0.2 0.8 1.25 3.06 0.70 
12 0.2 0.8 1.25 2.95 0.68 
13 0.3 0.7 1.05 2.62 0.59 
14 0.3 0.7 1.05 2.56 0.58 
15 0.3 0.7 1.25 2.86 0.66 
16 0.3 0.7 1.25 2.92 0.67 
 
 
Figure 3-24: Pareto chart of effect estimates for sonic velocity. 
 77 
 
 
Figure 3-25: Response surface of predicted values of sonic velocity versus coded levels of 
Sheath and Draw. 
3.3.3 Elongation 
The elongation at break of DOE 2 fiber samples ranged from 3.77 to 23.98% with an 
average value of 14.04% (Table 3.13). The sheath core ratio and draw ratio were both 
shown to have a significant effect on the elongation at break of the fiber samples (Figure 
3-26). Elongation at break decreased as draw ratio increased due to increased molecular 
orientation. The observed dependence of the breaking elongation on the sheath core ratio 
is a result of the orientation suppression behavior of the sheath component. At low draw 
ratios, elongation is fairly constant with respect to the sheath core ratio. However, at 
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higher draw ratios elongation decreases as the sheath core ratio decreases due to higher 
levels of orientation, as shown in Figure 3-27. 
 
Table 3.13: Elongation at break of DOE 2 fiber samples. Minimum (red) and maximum 
(green) values are highlighted. 
Standard 
Order 
Sheath 
(ratio) 
Core 
(ratio) 
Draw 
(ratio) 
Elongation 
(%) 
1 0.1 0.9 1.05 21.28 
2 0.1 0.9 1.05 14.43 
3 0.1 0.9 1.25 3.77 
4 0.1 0.9 1.25 7.74 
5 0.2 0.8 1.05 23.98 
6 0.2 0.8 1.05 6.02 
7 0.2 0.8 1.05 17.36 
8 0.2 0.8 1.05 13.89 
9 0.2 0.8 1.25 10.05 
10 0.2 0.8 1.25 14.27 
11 0.2 0.8 1.25 12.52 
12 0.2 0.8 1.25 13.50 
13 0.3 0.7 1.05 14.65 
14 0.3 0.7 1.05 21.25 
15 0.3 0.7 1.25 17.60 
16 0.3 0.7 1.25 12.26 
 
 
Figure 3-26: Pareto chart of effect estimates for elongation. 
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Figure 3-27: Response surface for predicted values of elongation versus coded values of 
Sheath and Draw. 
3.3.4 Modulus 
Fiber initial modulus ranged from 61.8 to 115.8 gpd with an overall mean of 76.6 gpd 
(Table 3.14). Both the sheath core ratio and draw ratio were shown to have a significant 
effect on the initial modulus (Figure 3-28). The drawing process had a positive effect on 
the initial modulus due to increases in molecular orientation. This increase was greatest 
when the sheath content of the fiber was minimized due to the suppression of orientation 
by the acrylic/copolyaramid blend. Initial modulus of the fiber samples was greater at low 
sheath core ratios even at low draw ratios due to reduced intermolecular forces in the 
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sheath blend. These effects are illustrated in the predictive response surface shown in 
Figure 3-29. 
 
Table 3.14: Initial moduli of DOE 2 fiber samples. Minimum (red) and maximum (green) 
values are highlighted. 
Standard 
Order 
Sheath 
(ratio) 
Core 
(ratio) 
Draw 
(ratio) 
Initial 
Modulus 
(gpd) 
1 0.1 0.9 1.05 72.0 
2 0.1 0.9 1.05 85.0 
3 0.1 0.9 1.25 107.4 
4 0.1 0.9 1.25 115.8 
5 0.2 0.8 1.05 61.9 
6 0.2 0.8 1.05 62.3 
7 0.2 0.8 1.05 66.2 
8 0.2 0.8 1.05 68.6 
9 0.2 0.8 1.25 79.4 
10 0.2 0.8 1.25 76.8 
11 0.2 0.8 1.25 75.4 
12 0.2 0.8 1.25 75.7 
13 0.3 0.7 1.05 62.9 
14 0.3 0.7 1.05 61.8 
15 0.3 0.7 1.25 72.0 
16 0.3 0.7 1.25 81.8 
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Figure 3-28: Pareto chart of effect estimates for initial modulus. 
 
Figure 3-29: Response surface for predicted values of initial modulus versus coded levels of 
Sheath and Draw. 
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3.3.5 Tenacity 
The tenacity of the fiber samples ranged from 0.98 to 1.94 gpd with an average tenacity 
of 1.41 gpd (Table 3.15).  Again, both the sheath core ratio and the draw ratio had a 
significant effect on the tenacity of DOE 2 fiber samples (Figure 3-30). The drawing 
process orients polymer chains and increases intermolecular interactions within the fiber, 
inceasing its tenacity. Similarly, tenacity increases as the sheath core ratio is decreased 
due to the increased intermolecular forces of the pure copolyaramid core as compared to 
the sheath polymer blend. The effect of the sheath core ratio is more pronounced at 
higher draw ratios due to the differences in orientation behavior discussed previously. 
The effect of the sheath core ratio and draw ratio on the fiber tenacity is illustrated in the 
predictive response surface shown in Figure 3-31. 
Table 3.15: Tenacity values for DOE 2 fiber samples. Minimum (red) and maximum (green) 
values are highlighted. 
Standard 
Order 
Sheath 
(ratio) 
Core 
(ratio) 
Draw 
(ratio) 
Tenacity 
(gpd) 
1 0.1 0.9 1.05 1.57 
2 0.1 0.9 1.05 1.60 
3 0.1 0.9 1.25 1.78 
4 0.1 0.9 1.25 1.94 
5 0.2 0.8 1.05 1.33 
6 0.2 0.8 1.05 0.98 
7 0.2 0.8 1.05 1.23 
8 0.2 0.8 1.05 1.35 
9 0.2 0.8 1.25 1.43 
10 0.2 0.8 1.25 1.34 
11 0.2 0.8 1.25 1.34 
12 0.2 0.8 1.25 1.39 
13 0.3 0.7 1.05 1.00 
14 0.3 0.7 1.05 1.28 
15 0.3 0.7 1.25 1.48 
16 0.3 0.7 1.25 1.48 
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Figure 3-30: Pareto chart of effect estimates for tenacity. 
 
Figure 3-31: Response surface for predicted values of tenacity versus coded levels of Sheath 
and Draw. 
 84 
 
3.3.6 Cut Strength 
The measured cut strength of DOE 2 fibers ranged from 0.74 to 2.41 cN/tex with an 
overall mean of 1.41 cN/tex (Table 3.16). The sheath core ratio as well as the draw ratio 
were shown to have a significant effect on the fiber cut strength (Figure 3-32). Both 
factors showed similar effects on the fiber cut strength as on tenacity and initial modulus. 
Cut strength decreased as the sheath content of the fiber was increased due to the weaker 
nature of the sheath component. Cut strength was highest for fibers produced at higher 
draw ratios and low sheath core ratios where molecular orientation was highest. This 
result suggests that fiber cut strength is driven more by the fiber’s longitudinal properties 
(strength and stiffness) rather than its transverse (compressive) behavior. 
Table 3.16: Cut strength values of Experiment 2 fiber samples. Minimum (red) and 
maximum (green) values are highlighted. 
Standard 
Order 
Sheath 
(ratio) 
Core 
(ratio) 
Draw 
(ratio) 
Cut 
Strength 
(cN/tex) 
1 0.1 0.9 1.05 1.18 
2 0.1 0.9 1.05 1.54 
3 0.1 0.9 1.25 2.41 
4 0.1 0.9 1.25 1.86 
5 0.2 0.8 1.05 0.74 
6 0.2 0.8 1.05 1.37 
7 0.2 0.8 1.05 1.39 
8 0.2 0.8 1.05 1.35 
9 0.2 0.8 1.25 1.88 
10 0.2 0.8 1.25 1.43 
11 0.2 0.8 1.25 1.45 
12 0.2 0.8 1.25 1.40 
13 0.3 0.7 1.05 1.13 
14 0.3 0.7 1.05 1.00 
15 0.3 0.7 1.25 1.43 
16 0.3 0.7 1.25 0.97 
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Figure 3-32: Pareto chart of effect estimates for cut strength response. 
 
Figure 3-33: Response surface for predicted values of cut strength versus coded levels of 
Sheath and Draw. 
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3.4 Designed Experiment 3: Effects of Heat Treatment on Fiber Structure 
and Properties 
Designed experiments 1 and 2 focused on the impact of the wet spinning processing 
parameters on the structure and properties of the acrylic/copolyaramid bicomponent 
fibers. Tenacity, modulus, and cut strength of the as-spun fibers were shown to be highest 
for fibers with low sheath core ratios coagulated in baths containing high amounts of both 
solvent and salt and subjected to a high amount of draw during spinning. However, the 
tensile properties of the as-spun bicomponent fibers produced thus far in this research are 
much lower than commercial para-aramids, as shown in Table 3.17, due to much lower 
levels of molecular orientation. An additional heat treatment and drawing process at 
elevated temperature (>300°C) is necessary to further orient the copolyaramid fibers to 
comparable levels. The effects of this heat treatment process on the structure and 
properties of the acrylic/copolyaramid fiber are the focus of DOE 3. 
Table 3.17: Comparison of as-spun acrylic/copolyaramid bicomponet fiber properties to 
commercial para-aramids. 
 
The heat treatment process is described in Section 2.3.2. The as-spun fiber is drawn in a 
heated glass chamber between two sets of driven rolls. The three processing parameters 
(treatment factors) of the heat treatment process were studied in DOE 3: exposure time, 
draw ratio, and oven temperature (Table 3.18). Exposure time was calculated by dividing 
Fiber Type
Tenacity 
(gpd)
Initial 
Modulus
(gpd)
Elongation 
(%)
Cut 
Strength 
(cN/tex)
Sonic 
Velocity 
(km/s)
Orientation 
Factor
Kevlar 29 23 554 3.10 3.05 8.1 0.96
Technora 25 566 4.02 6.46 7.9 0.96
As Spun 
Acrylic/Copolyaramid
.97-1.94 58-116 2.6-28.0 0.57-2.41 2.3-3.6 0.46-0.79
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the length of the oven chamber (0.17m) by the speed of the draw rolls and ranged from 
0.58 to 1.42s. The actual amount of time spent in the heated chamber is greater than these 
values due to the drawing process and depends upon both the draw ratio and region 
within the oven where drawing takes place. Draw ratio was calculated as the ratio 
between the speeds of the driven rolls and ranged from 2.15 to 3.84. Oven temperature 
ranged from 308 to 392°C. Oven temperature was controlled using a variable auto 
transformer and was monitored by a thermocouple in the center of the oven chamber. The 
range of processing conditions was determined from a preliminary screening experiment. 
Table 3.18: Treatment factors and levels for DOE 3. 
Factor 
Name 
Factor 
Code 
Low 
Axial 
Level 
(-1.68) 
Low 
Level 
(-1) 
Center 
Level 
(0) 
High 
Level 
(1) 
High 
Axial 
Level 
(1.68) 
Units 
Exposure 
Time 
Time 0.58 0.75 1 1.25 1.42 (s) 
Draw  
Ratio 
Draw 2.15 2.5 3 3.5 3.84 ratio 
Oven  
Temperature 
Temp 308 325 350 375 392 (°C) 
 
The experiment was conducted as a three-factor central composite design (CCD). In a 
CCD a second order model may be fit. CCDs were not appropriate in previous 
experiments due to the presence of mixture variables whose inclusion in a CCD would 
result in an impractical number of experimental runs. A CCD consists of a 2
k
 factorial 
design augmented with 2k axial points and 3-6 center points, as shown in Figure 3-34. 
These additional runs provide the additional data points necessary to fit higher order 
(quadratic) models. The axial points are spaced from the center point by a distance of α = 
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2
k/4
. For the three factor design α = 1.68. The three factor CCD resulted in a total of 20 
experimental runs, shown in Table 3.19. A split-plot arrangement of the experimental 
runs was utilized with runs blocked based upon the hard to change variable of oven 
temperature. This was done in order to reduce the number of full resets required and 
reduce the time of the experiment. Statistical analysis of the central composite design was 
performed using the mixed linear model procedure (proc mixed) of SAS/STAT software, 
Version 9.3. Source code for the SAS procedure is shown in Appendix A. 
 
Figure 3-34: Schematic representation of three factor central composite design consisting of 
2
3
 factorial design, 6 axial points, and center point. 
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Table 3.19: Processing conditions of experimental runs in DOE 3. 
 
All heat treated fiber samples were produced from a single as-spun sample. The as-spun 
fiber sample was-spun using a 19 hole, 150 µm spinneret using a total volumetric 
throughput of 4 ml/min and a 10-90 sheath core ratio. The fiber sample was coagulated in 
a 40% NMP bath containing four moles of calcium chloride per liter of water. The 
coagulated fiber was collected at a rate of 7 m/min before being drawn 1.25x in an 85°C 
water bath. The drawn fiber was then wound on a bobbin via a constant speed winder. 
The sonic velocity, cut strength, and tensile properties of the as-spun sample were 
measured prior to being used in the heat treatment process (Table 3.20).  
Exposure
Time 
(s)
Draw 
(ratio)
Oven 
Temperature 
(°C)
Exposure
Time
Draw
Oven 
Temperature
1 0.75 2.5 325 -1 -1 -1 2
2 1.25 2.5 325 1 -1 -1 5
3 0.75 3.5 325 -1 1 -1 3
4 1.25 3.5 325 1 1 -1 4
5 0.75 2.5 375 -1 -1 1 10
6 1.25 2.5 375 1 -1 1 7
7 0.75 3.5 375 -1 1 1 9
8 1.25 3.5 375 1 1 1 8
9 0.58 3 350 -1.68 0 0 16
10 1.42 3 350 1.68 0 0 19
11 1 2.15 350 0 -1.68 0 17
12 1 3.84 350 0 1.68 0 18
13 1 3 308 0 0 -1.68 14
14 1 3 392 0 0 1.68 12
15 1 3 350 0 0 0 1
16 1 3 350 0 0 0 6
17 1 3 350 0 0 0 11
18 1 3 350 0 0 0 13
19 1 3 350 0 0 0 15
20 1 3 350 0 0 0 20
Factorial
Axial
Center
Standard 
Order
Processing Conditions Coded Variables
Run 
Order
Design 
Point 
Type
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Table 3.20: Properties of the as-spun fiber sample used in DOE 3. 
Fiber  
Type 
Tenacity 
(gpd) 
Initial 
Modulus
(gpd) 
Elongation 
(%) 
Cut 
Strength 
(cN/tex) 
Sonic 
Velocity 
(km/s) 
Orientation 
Factor 
Exp 3 
As-spun 
Fiber 
1.87 108.4 8.1 2.08 3.13 0.72 
 
3.4.1 Fiber Morphology 
SEM images of DOE 3 fibers after tensile failure were obtained to investigate the effects 
of the heat treatment process on fiber morphology and fracture behavior. Fractured fiber 
ends of the heat treated samples show a very jagged surface, as shown in Figure 3-35. 
The presence of large macrofibrils is very evident in the heat treated samples and results 
from the alignment of polymer chains during the drawing process. This fibrillar structure 
was evident in all fibers regardless of draw ratio. The surface of the heat treated fiber 
samples was also observed to appear much smoother than as-spun samples. The jagged 
surface and steep angle of fracture are typical of other highly oriented fibers such as 
Kevlar and UHMWPE and are indicative of failure due to axial splitting between fibrillar 
units [86,87]. 
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Figure 3-35: Heat treated fiber samples showing failure due to axial splitting. a) Oven 
Temperature: 375°C Draw Ratio: 3.5x Exposure Time: 1.25 s b) Oven Temperature: 375°C 
Draw Ratio: 2.5x Exposure Time: .75s. 
The mechanism for fracture due to axial splitting is shown schematically in Figure 3-36 
[87]. During tensile loading, an imperfection or defect on the surface or within the fiber 
acts as the initiation point for breakup of a fibrillar unit within the fiber [86]. 
Longitudinal shear stresses at the initial gap cause increase as the tensile load on the fiber 
is increased and eventually overcome the weak cohesive forces (relative to the tensile 
strength) between fibrillar units, resulting in the splitting of the fibrils along the fiber 
axis. When the next set of fibrils break a new gap forms and the process repeats. 
Successive fibrillar units fail until the fiber breaks. The steep angle of rupture in the fiber 
results from the tensile strength and shear strength due to the high level of orientation in 
the fiber. This angle is shallower in the heat treated fibers produced in Experiment 3 than 
for commercial para-aramid fibers, likely as a result of the lower tensile strength of fibers 
in this research. 
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Figure 3-36: Schematic of the stages of failure due to axial splitting (adapted from 
Hearle[87] Figure 5). 
Fibers drawn at the lowest heat treatment temperature were the only samples to show the 
presence of large holes or voids in the fiber cross section (Figure 3-37). This indicates 
that this temperature (308°C) is too low to properly draw the fiber. While the sample did 
not break during processing, the drawline tension was sufficiently high due to the low 
processing temperature to damage the fiber. 
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Figure 3-37: Heat treated fiber sample showing damage due to drawing at low oven 
temperature. Oven Temperature: 308°C Draw Ratio: 3.0x Exposure Time: 1s 
 
3.4.2 Orientation 
Measured values of sonic velocity for DOE 3 fibers ranged from 6.47 to 10.89 km/s with 
a mean velocity of 8.55 km/s (Table 3.21). The corresponding calculated values of the 
orientation factor ranged from 0.93 to 0.98 with an average orientation factor of 0.96. 
These values represent an increase of 106 to 248% in sonic velocity over the original as-
spun fiber and are comparable to the other highly oriented para-aramid fibers Kevlar® 
(8.1 km/s, 0.96) and Technora® (7.9 km/s, 0.96). Orientation develops rapidly in the 
bicomponent fiber system even at lower draw ratios due to the rigid nature of the 
copolyaramid polymer backbone. The heat treatment temperature was shown to have a 
significant effect on the sonic velocity (p=0.0386) resulting in a quadratic effect with 
higher values of sonic velocity occurring at the center of the experimental design (350°C) 
(Figure 3-38). Though not statistically significant (p=0.0658), the draw ratio had a 
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positive effect on the sonic velocity, increasing it by 0.38 km/s for each coded level. The 
interactions between draw and temperature (p=0.0521) and exposure time, draw, and 
temperature (p=0.0509) both had large positive effects on the sonic velocity. Taken 
together, these effects result in the response surface shown in Figure 3-39. At low 
temperatures drawing of the fiber results in a decrease in the sonic velocity. This suggests 
that the lower levels of oven temperature were too cold and resulted in damage to the 
fiber. This is consistent with SEM observations. At higher temperatures the drawing 
process does not damage the fibers and results in the expected increase in sonic velocity. 
The decrease in sonic velocity at the highest levels of temperature may be a result of 
thermal degradation, especially of the acrylic present in the fiber sheath. 
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Table 3.21: Sonic velocities and orientation factors of DOE 3 fibers. Minimum (red) and 
maximum (green) values are highlighted. 
Standard 
Order 
Exposure 
Time  
(s) 
Draw 
(ratio) 
Oven 
Temperature 
(°C) 
Sonic 
Velocity 
(km/s) 
Orientation 
Factor 
1 0.75 2.5 325 7.82 0.95 
2 1.25 2.5 325 8.82 0.96 
3 0.75 3.5 325 8.29 0.96 
4 1.25 3.5 325 7.08 0.94 
5 0.75 2.5 375 8.35 0.96 
6 1.25 2.5 375 8.24 0.96 
7 0.75 3.5 375 8.80 0.96 
8 1.25 3.5 375 10.89 0.98 
9 0.58 3 350 8.46 0.96 
10 1.42 3 350 8.31 0.96 
11 1 2.15 350 8.23 0.96 
12 1 3.84 350 10.23 0.97 
13 1 3 308 8.14 0.96 
14 1 3 392 6.47 0.93 
15 1 3 350 8.00 0.96 
16 1 3 350 9.27 0.97 
17 1 3 350 8.91 0.97 
18 1 3 350 8.45 0.96 
19 1 3 350 9.34 0.97 
20 1 3 350 8.82 0.96 
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Figure 3-38: Pareto chart of effect estimates for sonic velocity response. 
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Figure 3-39: Response surface of predicted values of sonic velocity versus coded levels of 
Draw and Temp when Time = 0. 
3.4.3 Elongation 
Elongation at break of the heat treated fibers produced in DOE 3 ranged from 1.66 to 
2.13% with a mean elongation of 1.90% (Table 3.22). Elongation was reduced 
approximately 4x by the heat treatment process due to increased molecular orientation.  
The resulting fibers were very brittle and were damaged when bent at sharp angles or 
knotted. Elongation at break values of DOE 3 fibers were approximately 50-66% that of 
other highly oriented para-aramids Kevlar® and Technora® (3.0-4.0%). One reason for 
the decreased elongation of the heat treated copolyaramid samples may be molecular 
weight. Throughout this research, fiber spun from lower viscosity (lower molecular 
weight) solutions were observed to have decreased elongation. Significantly more 
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research has gone into increasing the molecular weight of the commercial para-aramids 
[20,23]. Additionally, SEM and x-ray diffraction studies of both Kevlar® and Technora® 
have revealed slight deviations from fully extended chain conformations that may 
increase the elongation potential of the fibers. Kevlar® fibers show an alternating pleated 
structure between ordered units, leading to a ~5° variation from linearity [66]. Similarly, 
the 3,4’-diaminodiphenyl ether moiety present in Technora® introduces a slight twist into 
the polymer backbone through the ether linkage [71]. The increased sonic velocity of 
DOE 3 fibers suggests that the copolyaramid chains adopt a more fully extended 
conformation than the commercial fibers. 
Though not statistically significant (p=0.0535), the interaction between draw and oven 
temperature had a positive effect on the elongation at break, similar to sonic velocity 
(Figure 3-40). Breaking elongation was relatively constant over much of the experiment 
design space, as shown in Figure 3-41. This was to be expected as all fibers produced 
were very highly oriented. Breaking elongation decreased when oven temperature was 
low and draw ratio high as a result of the damaged fiber structure caused by drawing at 
too low of a temperature.  
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Table 3.22: Elongation at break values for Experiment 3 fiber samples. Minimum (red) and 
maximum (green) values are highlighted. 
Standard 
Order 
Exposure 
Time  
(s) 
Draw 
(ratio) 
Oven 
Temperature 
(°C) 
Elongation 
(%) 
1 0.75 2.5 325 1.94 
2 1.25 2.5 325 2.10 
3 0.75 3.5 325 2.00 
4 1.25 3.5 325 1.87 
5 0.75 2.5 375 1.72 
6 1.25 2.5 375 1.70 
7 0.75 3.5 375 2.13 
8 1.25 3.5 375 1.88 
9 0.58 3 350 1.74 
10 1.42 3 350 2.04 
11 1 2.15 350 1.66 
12 1 3.84 350 1.77 
13 1 3 308 1.83 
14 1 3 392 1.76 
15 1 3 350 1.99 
16 1 3 350 1.93 
17 1 3 350 2.04 
18 1 3 350 2.07 
19 1 3 350 1.87 
20 1 3 350 2.02 
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Figure 3-40: Pareto chart of effect estimates for elongation. 
101 
Figure 3-41: Response surface of predicted values of elongation at break versus coded levels 
of Draw and Temp when Time=0. 
3.4.4 Initial Modulus 
Initial modulus of DOE 3 fiber samples ranged from 539 to 637 gpd with an average 
value of 578 gpd, representing an increase of 397 to 488% over the original as-spun fiber 
(Table 3.23). This large increase in modulus is primarily a result of the alignment of 
polymer chains within the fiber during the drawing process. Initial moduli of the heat 
treated fiber samples are very similar to both Kevlar® (554 gpd) and Technora® (566 
gpd).  
The interaction between draw ratio and oven temperature was found to have a significant 
effect (p=0.0432) on the fiber initial modulus (Figure 3-42). Initial modulus was 
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relatively constant over large portions of the experimental design due to small variation 
in orientation factor of the fiber samples. Fiber initial modulus was highest when draw 
ratio and oven temperature were both low or both high, consistent with the peaks in sonic 
velocity, as shown in Figure 3-43. 
Table 3.23: Initial moduli of DOE 3 fiber samples. Minimum (red) and maximum (green) 
values are highlighted. 
Standard 
Order 
Exposure 
Time 
(s) 
Draw 
(ratio) 
Oven 
Temperature 
(°C) 
Initial 
Modulus 
(gpd) 
1 0.75 2.5 325 615 
2 1.25 2.5 325 576 
3 0.75 3.5 325 612 
4 1.25 3.5 325 551 
5 0.75 2.5 375 576 
6 1.25 2.5 375 575 
7 0.75 3.5 375 637 
8 1.25 3.5 375 616 
9 0.58 3 350 539 
10 1.42 3 350 547 
11 1 2.15 350 563 
12 1 3.84 350 590 
13 1 3 308 574 
14 1 3 392 576 
15 1 3 350 572 
16 1 3 350 563 
17 1 3 350 575 
18 1 3 350 564 
19 1 3 350 545 
20 1 3 350 581 
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Figure 3-42: Pareto chart of effect estimates for fiber initial modulus. 
Figure 3-43: Response surface of predicted values of initial modulus versus coded values of 
Draw and Temp when Time=0. 
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3.4.5 Tenacity 
Tenacity of DOE 3 samples ranged from 7.00 to 10.73 gpd with an average tenacity of 
9.12 gpd ( Table 3.24). The heat treatment process resulted in a 274 to 474% 
increase in fiber tenacity over that of the as-spun fiber. Again, this increase is largely 
a consequence of increased molecular orientation and defect reduction within the fiber. 
The tenacity of the heat treated bicomponent copolyaramid fiber is approximately half 
that of commercial para-aramid fibers (23-25 gpd). This difference is primarily 
due to the decreased elongation potential of the experimental fibers described 
previously. 
None of the experimental factors had a significant effect on the fiber tenacity (Figure 
3-44). Like elongation and initial modulus, the fiber tenacity is constant over large 
portions of the experimental design. The lowest tenacity values correspond to processing 
conditions yielding lower levels of elongation due to damage to the fiber structure. The 
effects of draw ratio and oven temperature on the fiber tenacity are shown in Figure 3-45. 
105 
Table 3.24: Tenacities of DOE 3 fibers. Minimum (red) and maximum (green) values are 
highlighted. 
Standard 
Order 
Exposure 
Time 
(s) 
Draw 
(ratio) 
Oven 
Temperature 
(°C) 
Tenacity 
(gpd) 
1 0.75 2.5 325 10.54 
2 1.25 2.5 325 8.23 
3 0.75 3.5 325 10.04 
4 1.25 3.5 325 8.65 
5 0.75 2.5 375 7.94 
6 1.25 2.5 375 8.67 
7 0.75 3.5 375 10.73 
8 1.25 3.5 375 10.27 
9 0.58 3 350 7.00 
10 1.42 3 350 9.21 
11 1 2.15 350 8.47 
12 1 3.84 350 8.61 
13 1 3 308 8.59 
14 1 3 392 8.54 
15 1 3 350 9.14 
16 1 3 350 8.87 
17 1 3 350 9.21 
18 1 3 350 9.07 
19 1 3 350 10.34 
20 1 3 350 10.22 
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Figure 3-44: Pareto chart of effect estimates for tenacity. 
Figure 3-45: Response surface of predicted values of tenacity versus coded levels of Temp 
and Draw when Time=0. 
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3.4.6 Cut Strength 
Fiber cut strength of DOE 3 samples ranged from 4.36 to 9.51 cN/tex with a mean cut 
strength of 7.32 cN/tex. Cut strength was increased by 109 to 357% as a result of the heat 
treatment process. The cut strength of the experimental fiber is approximately twice that 
of Kevlar® (3.05 cN/tex) and also exceeds that of Technora® (6.46 cN/tex). Oven 
temperature had a significant effect (p=0.0262) on the fiber cut strength resulting in a 
quadratic effect with the highest cut strength observed at the center of the experimental 
design. As with other properties this is likely a result of low temperatures being too cold 
for drawing and high temperatures causing some amount of thermal degradation. While 
not statistically significant (p=0.0629), the exposure time had a large positive effect on 
the fiber cut strength, increasing it by 0.78 cN/tex per coded level. It is thought that this 
increase may be caused by consolidation. X-ray diffraction analysis of Technora® fibers 
by Wu and Blackwell revealed evidence of improved lateral packing of the ordered 
segments after annealing at 300°C. This process would be expected to have a time 
dependence. An increase in the lateral packing efficiency would not be expected to have 
a large effect on the longitudinal properties of the fiber but could impact the transverse 
aspects of the cutting process. The effect of the heat treatment temperature and exposure 
time on the fiber cut strength is illustrated in the response surface shown in Figure 3-47. 
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Table 3.25: Cut strength values for DOE 3 samples. Minimum (red) and maximum (green) 
values are highlighted. 
Standard 
Order 
Exposure 
Time 
(s) 
Draw 
(ratio) 
Oven 
Temperature 
(°C) 
Cut 
Strength 
(cN/tex) 
1 0.75 2.5 325 5.41 
2 1.25 2.5 325 6.21 
3 0.75 3.5 325 5.51 
4 1.25 3.5 325 8.96 
5 0.75 2.5 375 4.36 
6 1.25 2.5 375 8.71 
7 0.75 3.5 375 7.47 
8 1.25 3.5 375 7.91 
9 0.58 3 350 7.35 
10 1.42 3 350 8.33 
11 1 2.15 350 8.61 
12 1 3.84 350 6.00 
13 1 3 308 5.75 
14 1 3 392 5.60 
15 1 3 350 6.49 
16 1 3 350 8.75 
17 1 3 350 7.21 
18 1 3 350 9.07 
19 1 3 350 9.09 
20 1 3 350 9.51 
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Figure 3-46: Pareto chart of effect estimates for cut strength response. 
Figure 3-47: Response surface of predicted values of cut strength versus coded levels of 
Time and Temp when Draw = 0. 
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3.5 Designed Experiment 4: Re-investigation of the effects of draw ratio 
during heat treatment 
The heat treatment process studied in DOE 3 resulted in fibers with exceptional cut 
strength, exceeding both Kevlar and Technora fibers. The high levels of molecular 
orientation in the heat treated fibers also resulted in high initial modulus comparable to 
other para-aramid fibers. However, DOE 3 fiber samples displayed very low elongation 
at break. This low elongation results in low (relative to other para-aramid fibers) tenacity 
and would also likely present problems in knitting and weaving processes.  
Unexpectedly, all fiber samples produced in DOE 3 were very highly oriented despite 
being produced at draw ratios ranging from 2.16 to 3.84. The ability of the copolyaramid 
to orient even at low draw ratios was attributed to the stiff polymer backbone and is in 
contrast with conventional thermoplastic fibers such as PET or nylon. However, this 
resulted in a gap in orientation data between the low oriented as-spun samples of DOE 1 
and 2 (α = 0.46-0.79) and the highly oriented samples of DOE 3 (α = 0.93-0.98), as 
shown in Figure 3-48. The orientation angle plotted in Figure 3-48 is the average angle 
between polymer chains within the fiber and the fiber axis and is calculated from the 
orientation factor according to: 
𝜃 =  cos−1 √
2𝛼 + 1
3
where ϴ is the orientation angle and α is the orientation factor. 
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Figure 3-48: Plot of orientation angle vs fiber cut strength showing large gap between as-
spun samples of DOE 1 and 2 and heat treated samples of DOE 3. 
The goal of DOE 4 was to fill in this orientation gap by producing fibers at lower draw 
ratios during heat treatment. While there was a large increase in fiber cut strength 
observed as a result of the heat treatment process in DOE 3, it was still unknown if heat 
treated samples with lower levels of orientation would have increased cut performance 
due to increased compressive strength. Additionally, it was expected that less oriented 
fibers would have increased elongation and provide a potential advantage in 
processability (knitting / weaving) over the brittle fibers of DOE 3. 
Copolyaramid fiber samples with lower levels of orientation were produced by heat 
treating a single as-spun sample at draw ratios of 1.05 to 1.85 in increments of 0.1. All 
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samples were heat treated using an oven temperature of 350°C and an exposure time of 
1.25 seconds. Two samples were produced for each draw ratio and all samples were 
produced in a completely randomized order. The single as-spun sample used as the 
precursor fiber in DOE 4 was-spun using a 19 hole, 150 µm spinneret using a total 
volumetric throughput of 4 mL/min and a 10-90 sheath core ratio. The fiber sample was 
coagulated in a 40% NMP bath containing four moles of calcium chloride per liter of 
water. The coagulated fiber was collected at a rate of 7 m/min before being drawn 1.25x 
in an 85°C water bath. The drawn fiber was then wound on a bobbin via a constant speed 
winder. The sonic velocity, cut strength, and tensile properties of the as-spun sample 
were measured prior to being used in the heat treatment process 
Table 3.26: Measured properties of as-spun fiber sample used to produce DOE 4 fiber 
samples. 
Fiber 
Type 
Tenacity 
(gpd) 
Initial 
Modulus
(gpd) 
Elongation 
(%) 
Cut 
Strength 
(cN/tex) 
Sonic 
Velocity 
(km/s) 
Orientation 
Factor 
Exp 4 
As-spun 
Fiber 
1.74 98.3 7.34 1.97 3.27 0.74 
3.5.1 Orientation and Tensile Properties of DOE 4 Fiber Samples 
Measured values of sonic velocity, orientation factor, tenacity, initial modulus, and 
elongation at break for DOE 4 fiber samples are shown in Table 3.27. As expected, 
molecular orientation within the fiber increases as the heat treatment draw ratio increases. 
Samples produced at the lowest possible draw ratio (1.05x – enough only to keep tension 
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in the draw line) show orientation levels similar to the as-spun fiber. Orientation develops 
rapidly as the draw ratio is increased and approaches levels seen in DOE 3 at a draw ratio 
of only 1.85x. DOE 4 was successful in filling in the orientation gap between the as-spun 
and DOE 3 fiber samples. 
Table 3.27: Sonic velocity, orientation factor, and tensile properties of DOE 4 samples. 
Standard 
Order 
Draw 
Ratio 
Tenacity 
(gpd) 
Initial 
Modulus 
(gpd) 
Elongation 
(%) 
Sonic 
Velocity 
(km/s) 
Orientation 
Factor 
1 
1.05 
2.77 167 1.78 3.48 0.77 
2 3.18 181 1.82 3.51 0.77 
3 
1.15 
3.67 222 2.10 3.83 0.81 
4 3.91 231 1.92 3.91 0.82 
5 
1.25 
4.26 274 1.84 4.45 0.86 
6 3.84 257 1.79 4.51 0.86 
7 
1.35 
5.18 320 1.93 4.97 0.89 
8 4.96 335 1.82 5.04 0.89 
9 
1.45 
6.37 402 1.88 5.35 0.90 
10 6.53 388 2.04 5.37 0.90 
11 
1.55 
7.42 410 2.01 4.86 0.88 
12 6.38 415 1.79 5.61 0.91 
13 
1.65 
6.52 443 1.77 6.28 0.93 
14 7.96 461 1.98 6.14 0.93 
15 
1.75 
8.41 469 1.98 5.95 0.92 
16 8.21 452 1.92 6.68 0.94 
17 
1.85 
7.83 477 1.85 6.83 0.94 
18 9.08 516 1.94 7.21 0.95 
Interestingly, elongation at break of DOE 4 samples was observed to be fairly constant 
across different draw ratios and independent of the orientation within the fiber (Figure 
3-49). Elongation of DOE 4 samples had a comparable range (~1.75% to 2.1%) as the
heat treated samples produced at even higher draw ratios (and thus more oriented) in 
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DOE 3. These results suggest that the elongation of the copolyaramid fibers is essentially 
constant once exposed to the high temperatures (300-400°C) of the heat treatment process 
and independent of orientation. It is thought that this constant elongation may be the 
result of some type of network structure formed due to increased interactions between 
aromatic rings following heat treatment. This behavior is unique as compared to the 
drawing of traditional thermoplastic fibers such as PET, nylon, or polypropylene, as 
shown in Figure 3-50. Typically, elongation decreases in a continuous fashion as the 
draw ratio is increased and the fiber becomes more oriented rather than having large 
discontinuity seen for the copolyaramid samples. This behavior is important as it means 
the draw ratio cannot be used to tune the elongation of the fibers in order to improve 
processability during knitting or weaving. All heat treated fiber samples produced from 
the particular copolyaramid used in this work will be rather brittle and any changes to the 
elongation potential of the fibers may require a change to the polymer backbone itself. 
115 
Figure 3-49: Effect of draw ratio on the elongation at break and orientation factor of DOE 4 
fiber samples. 
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Figure 3-50: Representative stress strain curves for as-spun precursor and each draw ratio 
of DOE 4. 
Also apparent form the stress strain curves shown in Figure 3-50 is the increasing effect 
of draw ratio on the fiber initial modulus. While this effect is largely due to increasing 
molecular orientation within the fiber, comparison of the as-spun and 1.05x draw ratio 
curves shows a significant difference in tensile response as a result of heat exposure. The 
two samples have comparable levels of orientation. However, heat treatment has largely 
eliminated any yielding / plastic behavior within the 1.05x draw ratio fiber. This may be 
the result of a number of contributing factors including elimination of residual solvent, 
annealing and consolidation of the polymer network. The increasing nature of the fiber 
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modulus and constant nature of the elongation results in an increasing effect on the fiber 
tenacity. 
Figure 3-51 shows the combined data for all experiments in this research in order to 
provide a full picture of the impact of molecular orientation on the fiber initial modulus. 
Initial modulus increases as the orientation angle decreases and is comparable to that of 
commercial para-aramids at high levels of orientation. This relationship for samples 
produced in this work is in agreement with the deformation model for highly oriented 
fibrillary structures developed by Hearle[88]. As expected, tenacity of the fiber samples 
shows a similar trend due to the close relationship between the two properties (Figure 
3-52). Again, the discrepancy between the tenacity of copolyaramid samples in this
research and that of commercial para-aramid fibers, which results from the decrease in 
elongation potential, is evident. 
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Figure 3-51: Relationship between molecular orientation angle and fiber initial modulus for 
all samples produced in this research. 
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Figure 3-52: Relationship between molecular orientation angle and fiber tenacity for all 
samples produced in this research. 
3.5.2 Cut strength of DOE 4 Fiber Samples 
Fiber cut strength for DOE 4 samples ranged from 2.92 to 8.31 cN/tex and showed a clear 
increasing dependence on draw ratio. Similarly to both initial modulus and tenacity, fiber 
cut strength showed an increase at even the lowest draw condition (where orientation is 
comparable) over the as-spun fiber. This increase due solely to heat treatment may result 
from the elimination of residual solvent and the consolidation of the polymer network. 
Fiber cut strength increased with draw ratio up to levels comparable with more highly 
drawn samples of DOE 3. 
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Table 3.28: Fiber cut strength values of DOE 4 samples. 
Standard 
Order 
Draw 
Ratio 
Cut 
Strength 
(cN/tex) 
Orientation 
Factor 
1 
1.05 
2.92 0.77 
2 3.28 0.77 
3 
1.15 
3.41 0.81 
4 4.41 0.82 
5 
1.25 
5.08 0.86 
6 4.11 0.86 
7 
1.35 
5.61 0.89 
8 5.82 0.89 
9 
1.45 
5.43 0.90 
10 6.75 0.90 
11 
1.55 
6.92 0.88 
12 5.98 0.91 
13 
1.65 
5.88 0.93 
14 7.00 0.93 
15 
1.75 
7.34 0.92 
16 6.17 0.94 
17 
1.85 
8.31 0.94 
18 7.59 0.95 
The fiber cut strength results obtained in DOE 4 cement the critical importance of the 
longitudinal fiber properties on the compressive cut performance of copolyaramid fibers. 
The full relationship between molecular orientation and fiber cut performance can be 
obtained by combining data from the four designed experiments performed in this 
research, as shown in Figure 3-53.  Fiber cut strength shows behavior that closely mirrors 
that of the longitudinal responses (modulus and tenacity). The compressive modulus and 
strength of the copolyaramid samples would be expected to show the opposite trend, with 
higher values at lower molecular orientation angles. This data clearly suggests that the 
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longitudinal Young’s modulus is a critical factor in determining the cut performance of 
polymer fibers.  
Figure 3-53: Relationship between molecular orientation angle and fiber cut strength for all 
samples produced in this research. 
Comparison of para-aramid fibers with similar values of initial modulus reveals another 
crucial factor in determining cut performance. Kevlar®, Technora®, and highly oriented 
copolyaramid samples produced in this research all have comparable initial modulus 
approaching 600 gpd. However, the cut strength of the individual aramid fibers is 
observed to increase from Kevlar® (1 diamine monomer) to Technora (2 diamines) to the 
copolyaramids of this work (3 diamine monomers). This increase in complexity of the 
polymer backbone disrupts the periodic 3-d order of the polymer system. It is thought 
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that this disruption in 3-d order improves the fiber cut resistance by preventing the 
formation and propagation of transverse cracks during the cut process. Additionally, this 
data suggests that neither tenacity nor toughness are critical requirements for exceptional 
cut performance, as both commercial para-aramid fibers far exceed the copolyaramid 
samples in this regard. 
3.6 Effects of Aluminum Oxide Particles on Properties of Copolyaramid 
Fibers 
Bicomponent copolyaramid fibers with cut performance exceeding commercial aramid 
fibers were developed in the previous experiments of this research. The final task in this 
work was to investigate the effects of loading hard particle fillers into the core of the 
bicomponent fiber. Hard particle fillers had previously been shown to increase the cut 
resistance of single component fiber systems [31]. However, the addition of particles to 
single component systems was found to have a number of unwanted drawbacks including 
increased fiber-to-fiber abrasion, poor fiber-to-fabric processability (knitting and 
weaving), and increased wear and damage to processing equipment. It is anticipated that 
many of these issues may be alleviated by the bicomponent system. 
Aluminum oxide was selected as the hard particle filler material due to its high hardness 
(9 Mohs scale) as well as its low cost and ease of availability as compared to more exotic 
materials such as boron carbide. Aluminum oxide particles typically used as industrial 
abrasives and polishing agents were obtained from AGSCO Corporation. Observation 
under SEM revealed that the aluminum oxide particles were platelike (high aspect ratio) 
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with sizes ranging from 0.21 to 8.15 microns and an average size of 1.87 µm (Figure 
3-54).
Figure 3-54: SEM image of  aluminum oxide particles from AGSCO Corportation. 
3.6.1 Production of Particle Filled Fiber Samples 
The first step in the production of aluminum oxide filled bicomponent fibers was the 
determination of a suitable method for dispersing the particles in the copolyaramid 
spinning solution. Initial attempts to directly mix the particles with the polymer solution 
using a blender or high shear mixer were largely unsuccessful. The viscous nature of the 
polymer solution inhibited the mixing and dispersion of the particles and large amounts 
of agglomerates were observed. These agglomerates caused issues in the spinning process 
(blocking holes / breaking filaments) and were observed to frequently fall out of solution 
and settle at bottom of the spinning solution. These issues were resolved by introducing 
the particle fillers to the polymer solution during the synthesis reaction. The required 
mass of particles for the target loading level was first sonicated in NMP to create a slurry 
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/ dispersion. This slurry was added directly to the polymerization reactor 10-15 minutes 
following the addition of terephthaloyl chloride to the diamine mixture. The viscosity of 
the growing polymer solution is still low at this point in the reaction to facilitate mixing. 
It is also thought that the polymer chains grow around the hard particles during the 
reaction and help to prevent agglomeration and keep the particles from falling out of 
solution. An example of the resulting spinning solution is shown in Figure 3-55. 
Figure 3-55: Particle filled (a) and unfilled (b) copolyaramid spinning solutions. 
Six individual reactions were performed in an attempt to provide a range of particle 
loading levels for analysis. These six solutions were used as the spinning solutions for the 
fiber core. The acrylic / copolyaramid blend solution used throughout this research was 
utilized as the fiber sheath. Prior to spinning, all solutions were filtered using 80/150 
mesh wire screen. Fiber samples were spun using a 19 hole, 150 µm spinneret using a 
total volumetric throughput of 4 mL/min and a 10-90 sheath core ratio. The fiber samples 
were coagulated in a 40% NMP bath containing four moles of calcium chloride per liter 
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of water. The coagulated fiber was collected at a rate of 7 m/min before being drawn 
1.20x in an 85°C water bath. The drawn fiber was then wound on a bobbin via a constant 
speed winder. The resulting as-spun fiber samples were heat treated at 350°C with an 
exposure time of 1.25s while being drawn 3.0x. This spinning procedure was successful 
at producing bicomponent copolyaramid fiber samples containing aluminum oxide 
particles in the fiber core, as shown in Figure 3-56. 
Figure 3-56: As-spun fiber sample showing the inclusion of aluminum oxide particles in the 
fiber core. 
3.6.2 Determination of Particle Loading Levels 
The experimentally determined particle loading levels for the six filled fiber samples 
ranged from 11.04 to 15.45% and are shown in Table 3.29. Particle loading level was 
determined via TGA as described in Section 2.4.6. The particle filled fibers were found to 
contain significantly more volatile substances (water) than the unfilled fiber controls. It is 
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thought that this is a result of the particles capacity to absorb water. To test this theory, a 
sample of particles was immersed in water for 24 hours. The particles were then removed 
and allowed to air dry for 48 hours before being analyzed via TGA. The resulting 
thermogram shows does show significant water absorption. It would be expected that 
particles embedded within the fiber would hold onto even more water due to the 
difficulties in drying / evaporation. To account for the increased water present in the 
particle filled fibers, the ratio between the residue at 800°C and 250°C for each substance 
(particles, undoped fiber, doped fiber) was used as the wt% remaining in Equation 2-4.  
Table 3.29: Loading levels of six particle filled fiber samples produced. 
Sample 
Residue at 
250C 
Residue at 
800C 
Loading Level 
(wt %) 
Copolyaramid 96.34 1.02 - 
Aluminum Oxide 
Particles 
99.21 98.07 - 
1 87.11 10.33 11.04 
2 87.87 10.9 11.60 
3 89.44 14.46 15.45 
4 90.21 13.21 13.89 
5 87.35 14.23 15.58 
6 88.58 14.62 15.79 
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Figure 3-57: TGA thermogram of particles, filled fiber sample, and unfilled fiber sample 
showing significant difference in volatile content due to particles. 
Figure 3-58: TGA thermogram of aluminum oxide particles soaked in water for 24 hours 
then air dried. 
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3.6.3 Physical Properties of Particle Filled Fibers 
Measured values of sonic velocity, orientation factor, tenacity, initial modulus, cut 
strength and elongation at break for the particle filled fiber samples are shown in Table 
3.30. The presence of the hard particle filler did not affect the orientation behavior of the 
fiber. The particle filled fibers were highly oriented with sonic velocities ranging from 
7.68 to 8.61 km/s. These values are comparable to other heat treated fiber samples 
produced in this work. The aluminum oxide fillers themselves have a very high sonic 
velocity (~10km/s) as a result of the stiff nature of the ceramic. 
Table 3.30: Physical Properties of Particle Filled Fiber Samples 
Sample 
Loading 
Level 
(Wt%) 
Tenacity 
(gpd) 
Initial 
Modulus 
(gpd) 
Elongation 
(%) 
Sonic 
Velocity 
(km/s) 
Orientation 
Factor 
Cut 
Strength 
(cN/tex) 
1 11.04 6.67 393 1.76 7.92 0.96 5.72 
2 11.60 7.34 431 1.84 8.35 0.96 5.19 
3 15.45 6.41 371 1.68 8.61 0.96 4.61 
4 13.89 6.23 384 1.71 8.14 0.96 5.98 
5 15.58 5.14 353 1.64 7.68 0.95 4.84 
6 15.79 6.28 379 1.76 8.57 0.96 4.13 
DOE 3 
Average 
- 9.12 573 1.90 8.55 0.96 7.32 
The elongation at break of the particle filled samples ranged from 1.4 to 1.84% with an 
average value of 1.73%. Elongations at break for the particle filled fibers were less than 
those observed for unfilled heat treated fibers. The aluminum oxide particles act as stress 
concentrators within the fiber, decreasing its elongation potential. As expected, the 
presence of the ceramic particle filler “defects” within the fiber matrix also resulted in a 
decrease in the initial modulus. Initial moduli of the particle filled samples ranged from 
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353 to 431 gpd with an average value of 385 gpd. The observed initial modulus of 
particle filled fibers is further reduced as a result of the added mass, both from the dense 
ceramic particle and absorbed water, which does not contribute to the tensile strength of 
the fiber. Decreased elongation and intitial modulus combine to result in decreased 
tenacity for the particle filled samples. Tenacity of the samples ranged from 5.14 to 7.34 
gpd with and average tenacity of 6.35 gpd. In general, elongation, tenacity, and initial 
modulus all decreased with particle loading level as more defects are added to the system. 
Surprisingly, the cut strengths of the particle filled fiber samples were also lower than for 
undoped fibers and showed a similar decreasing trend with respect to particle loading 
(Figure 3-59). Cut strength ranged from 4.13 to 5.98 cN/tex with an average value of 5.01 
cN/tex. The detrimental effects caused by the defect areas caused by the particle 
inclusions overpower any potential performance benefit of the hard particles. It is thought 
that the cutting blade simply does not encounter enough particles when cutting only one 
yarn to have a performance benefit (caused by blunting the cutting instrument). This 
theory was put to the test by evaluating the particle filled fiber samples at the fabric level. 
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Figure 3-59: Relationship between fiber cut strength and particle loading level for 
aluminum oxide filled fiber samples. 
3.6.4 Fabric Cut Performance of Filled and Unfilled Samples 
Knit fabrics of filled (10.34 wt% loading level) and unfilled bicomponent copolyaramid 
fiber samples were produced to investigate the effect of particle fillers on cut 
performance at the fabric level. Knit samples of Kevlar® 29 and Technora® were also 
evaluated for comparison. Single covered composite yarns of each fiber type (4 total) 
were produced using an Agteks DirecTwist Model 3C. The aramid (200 denier) was used 
as the core yarn and was wrapped with a 70d/40d Nylon/Spandex covered yarn at 400 
turns per meter. An example of the resulting composite yarn is shown in Figure 3-60. The 
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composite yarns were knit using a 15 gauge circular lab knitter to produce fabrics (Figure 
3-61). Fabric samples were tested according to ASTM F1790 as described in Section 2.5.
Figure 3-60: Example covered composite yarn with aramid as the core yarn and 
Nylon/Spandex covered yarn as the wrap. 
Figure 3-61: Example fabric tube knit using 15 gauge circular lab knitter. 
The cut performance of the four para-aramid fiber types at both the fiber and fabric levels 
is shown in Figure 3-62. As before, the unfilled bicomponent copolyaramid fiber out 
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performed both commercial para-aramid fibers at the fiber/yarn level. Addition of hard 
particles to the fiber core resulted in a decrease in cut performance due to the inclusion of 
defect areas. However, the performance behavior was vastly different for the fabric 
samples. The particle filled sample showed nearly double the necessary rating force as 
compared to the unfilled variant. It is thought that this is a result of the ability of the hard 
particles to blunt the cutting edge. A sufficient quantity of contacts between the hard 
particles and the blade is required to effectively dull the edge. This number is realized 
when many fibers / yarns must be cut during fabric testing. 
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Figure 3-62: Cut performance of para-aramid fibers at fiber and fabric levels. 
While the general trend in cut performance at fiber and fabric level for the three unfilled 
aramid samples is the same, there is a notable discrepancy in the magnitude of the 
differences. For example, the unfilled copolyaramid sample shows a 2.6x increase over 
the Kevlar® 29 fiber but only a 1.32x increase at the fabric level. The source of this 
discrepancy is unknown but is likely a combination of variables at both the fiber (denier 
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per filament / total yarn denier / pretensioning) and fabric (effect of fabric construction) 
levels. 
3.6.5 Knit Performance of Particle Filled Samples 
While the experimental fiber samples were successfully knit into fabric tubes for testing 
purposes, knit performance of the heat treated bicomponent fibers was poor overall. 
Samples had to be knit at very slow speeds to prevent breakages from occurring due to 
the stiff and brittle nature of the fibers. These issues were even more prevalent when the 
experimental fibers were knit using a 15 gauge v-bed automatic glove machine, as shown 
in Figure 3-63. The sharper angles (yarn must double back on itself) of the 15 gauge v-
bed glove knitter and tighter bends (fingers) of the gloves cause broken yarn ends. These 
issues are primarily a result of the low failure strain and high flexural rigidity of the 
copolyaramid due to its high modulus and large filament size (~3.5dpf) compared to 
commercial aramids (~1.5dpf). These issues could be improved by decreasing the 
filament size, requiring a change in the spinneret hole size / filament count or by 
changing the molecular backbone of the aramid copolymer to allow for increased 
elongation at break. Further strides in both fiber production and processing are necessary 
to produce gloves that would be acceptable in a manufacturing environment and should 
be the aim of future work. 
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Figure 3-63: Prototype glove knit using filled bicomponent copolyaramid fibers showing 
large number of broken yarn ends, especially around fingers. 
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4 Conclusions 
This work investigated the production and characterization of a bicomponent 
copolyaramid fiber doped with hard ceramic particles. Firstly, suitable spinning 
conditions for the production of sheath core bicomponent fibers via wet spinning were 
determined. Next, the effects of the wet spinning and heat treatment processes on the cut 
strength of the undoped copolyaramid fibers were studied in order to develop a base fiber 
with exceptionally high cut resistance. Finally, aluminum oxide particles were introduced 
to the bicomponent fiber core in an attempt to further improve cut performance. 
4.1 Bicomponent Fiber Wet Spinning 
Sheath core bicomponent fibers were successfully produced via the wet spinning process. 
Initial fiber samples comprised of a pure copolyaramid core and pure acrylic sheath were 
found to have a unique gapped morphology. It was determined that this gap resulted from 
differences in the shrinkage behavior of the two components. Consolidated fiber samples 
were produced by replacing the pure acrylic sheath with a blend of acrylic and 
copolyaramid. 
4.2 Fiber Morphology and Molecular Orientation 
As-spun fiber samples produced under rapid coagulation conditions (low levels of solvent 
and salt) show the presence of macrovoids within the fiber. The prevalence of large voids 
was greater for the bicomponent fibers than for single component copolyaramid samples 
due to the instability of the polymer blend used for the fiber sheath. As such, the 
coagulation rate was slowed sufficiently to prevent the occurrence of macrovoids only 
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when the amounts of solvent and salt in the coagulation bath were very high (40% and 4 
mol/L H2O). No differences in fiber morphology were observed as a result of changing 
the sheath core ratio. Drawing of fiber samples free of macrovoids caused the formation 
of fibrillar structures that were further defined and perfected during the heat treatment 
and high temperature drawing processes. 
Molecular orientation in the as-spun fibers was found to be independent of coagulation 
conditions and was improved by the drawing process during wet spinning. Orientation of 
drawn as-spun fibers was found to decrease as the sheath core ratio was increased due to 
the orientation suppression behavior of the polymer blend comprising the sheath. 
Molecular orientation of the as-spun fibers was low (0.46-0.79) as compared to 
commercial para-aramid fibers (0.96). However, orientation increased rapidly in the 
fibers as a result of the heat treatment process, reaching levels comparable to commercial 
para-aramids at draw ratios as low as 2.0x. This behavior is a result of the rigid polymer 
backbone of the copolyaramid. 
4.3 Fiber Tensile Properties 
The tensile properties of the bicomponent fibers were improved as a result of the drawing 
processes during wet spinning and heat treatment. This was primarily a result of 
increasing molecular orientation within the fiber. The maximum tenacity of the as-spun 
fibers was very low (1.94 gpd), less than conventional fibers such as nylon or polyester 
and more than an order of magnitude less than commercial para-aramids. The fiber initial 
modulus was also low (116 gpd) as compared to the para-aramid fibers but higher than 
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most conventional fibers due to the rigid nature of the copolyaramid backbone. Both 
tenacity and initial modulus increased greatly during the heat treatment process. The 
maximum modulus for heat treated fibers was 637 gpd, surpassing both Kevlar® 29 and 
Technora® fibers. However, the maximum observed tenacity of the heat treated samples 
was 10.73 gpd, less than half that of commercial para-aramids. This was attributed to the 
increased brittleness of the copolyaramid fibers. Elongation at break of the bicomponent 
fibers was very low (1.66 to 2.13%) following heat treatment regardless of draw ratio. 
The addition of hard particle fillers to the fiber core introduced defect areas to the fiber 
and resulted in a decrease in tensile properties. 
4.4 Fiber Cut Strength 
The maximum cut strength observed for the as-spun fibers in this research was 2.41 
cN/tex. The cut strength of the as-spun fibers was improved when the coagulation rate 
was low, promoting the formation a dense, macrovoid free fiber structure. Subsequent 
drawing of these fibers resulted in the formation of fibrillar domains, further increasing 
cut performance. 
Fiber cut strength was greatly improved by the heat treatment process. Cut strength was 
highest for heat treatment temperatures at the center of the experimental design (350°C) 
and at long exposure times.  Again, cut strength increased with draw ratio due to 
increased molecular orientation and further development of the fibrillar structure. The 
highest cut strength measured for the heat treated bicomponent fiber samples was 9.51 
cN/tex, exceeding the cut strength of both Kevlar® (3.05 cN/tex) and Technora® (6.46 
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cN/tex) fibers. The decrease in order brought on by the additional monomers in the 
copolyaramid system reduces the propagation of transverse cracks during the cutting 
process. Neither tenacity nor toughness were found to be critical requirements for 
exceptional cut performance. 
The addition of hard particle fillers to the fiber core resulted in a decrease in cut strength. 
However, the cut resistance of fabric produced from particle filled fibers (1245 gf) was 
nearly double that of the unfilled variant (675 gf). The hard particle fillers improve cut 
resistance, which may be explained by blunting of the cutting edge. This process requires 
that the blade encounter a sufficiently high number of particles that its benefits are not 
realized at the fiber level.  
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5 Recommendations for Future Work 
While the results of this research well document the importance of the heat treatment 
process in determining fiber cut strength with respect to molecular orientation, more 
work should be done to investigate the effect of heat treatment on the fine fiber structure. 
Of particular interest are its effects on the density and porosity of the fiber samples. 
Techniques such as helium pycnometry and silver sulfide staining could be used to study 
the effects of heat treatment on these properties. 
Additional modifications to the bicomponent fiber system are needed in order to improve 
its processability. Low elongation at break and high flexural rigidity are the main 
contributors towards this poor processability. Decreasing the filament size (denier per 
filament) would greatly reduce the flexural rigidity of the yarn and improve bending 
performance and would simply require changes to the spinneret. Increasing the 
elongation of the fiber would also improve processing. However, this research has shown 
that the breaking elongation of the copolyaramid is relatively constant following heat 
treatment. Increasing the elongation would therefore require a change to the polymer 
backbone. Initial investigations into increasing the elongation by substituting diamine 
monomers have shown promise, as shown in Table 5.1 where methylene dianiline 
(MDA) was substituted into the copolyaramid in place of BAPOB. 
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Table 5.1: Cut strength and tensile properties of copolyaramid fiber sample in which MDA 
monomer is substituted for BAPOB during synthesis. 
Another opportunity for future research is in the dyeability of the bicomponent fiber 
system. The addition of acrylic to the fiber sheath allows the fiber to be dyed by cationic 
(basic) dyes during coagulation, as shown in Figure 5-1. The effects of other coagulation 
bath components (solvent and salt) and the subsequent heat treatment process and 
dyeability and color retention would be of interest. 
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Figure 5-1: Acrylic/copolyaramid bicomponent fiber dyed by adding Basic Blue 41 to the 
coagulation bath. 
Finally, additional experiments should be conducted to identify other critical variables for 
the cut performance of the hybrid polymer ceramic fibers developed in this research. 
Potential variables of interest include filament size, particle size, and particle shape.  
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Appendix A 
Designed Experiment 1 SAS Code 
data hippnew; 
infile 'c:\users\Stephen\documents\Exp 1 Repeated Measurements.csv' 
delimiter =',' firstobs=2; 
input order MixA MixB Solvent Salt Block elongation tenacity modulus 
cut; 
run; 
proc print; run; quit; 
data hipp2newrep; set hippnew; 
y1=cut; 
x1=MixA; 
x2=MixB; 
x1x2=x1*x2; 
z1=Solvent; 
z2=Salt; 
x1z1=x1*z1; 
x1z2=x1*z2; 
x1z1z2=x1*z1*z2; 
x2z1=x2*z1; 
x2z2=x2*z2; 
x2z1z2=x2*z1*z2; 
x1x2z1=x1*x2*z1; 
x1x2z2=x1*x2*z2; 
x1x2z1z2=x1*x2*z1*z2; 
proc mixed data=hipp2newrep; 
title 'repeated treated as repeated'; 
class block order; 
model y1 = x1 x1x2 x1z1 x1z2 x1z1z2 x2z1 x2z2 x2z1z2 x1x2z1 x1x2z2 
x1x2z1z2/ddfm=satterthwait 
solution residual outp=predicted; 
random block; 
repeated order; 
ods output covparms=covs solutionF=parmest; 
run; quit; 
144 
Designed Experiment 2 SAS Code 
data hippnew; 
infile 'c:\users\Stephen\documents\Experiment 2 SAS.csv' 
delimiter =',' firstobs=2; 
input MixA MixB Draw Order elongation tenacity modulus cut; 
run; 
proc print; run; quit; 
data hipp2new; set hippnew; 
y1=cut; 
x1=MixA; 
x2=MixB; 
x1x2=x1*x2; 
z1=draw; 
x1z1=x1*z1; 
x2z1=x2*z1; 
x1x2z1=x1*x2*z1; 
proc mixed data=hipp2new; 
model y1 = x1 x1x2 x1z1 x2z1 x1x2z1 /ddfm=satterthwait 
solution residual outp=predicted; 
ods output covparms=covs solutionF=parmest; 
run; quit; 
Designed Experiment 3 SAS Code 
dm 'log;clear;out;clear;'; 
options nodate nonumber nocenter; 
data hippnew; 
infile 'C:\Users\Stephen\Documents\SAS Exp 3 blocks.csv' 
delimiter=',' firstobs=2; 
input order time draw temp block elongation tenacity modulus cut sonic; 
run; 
proc print;run;quit; 
proc mixed data=hippnew; 
   class block; 
   model cut =time|draw|temp time*time temp*temp draw*draw / 
ddfm=satterth solution residual; 
   random block; 
run;quit; 
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Example SAS Output – Experiment 2 (Response is Cut Strength) 
The SAS System 
The Mixed Procedure 
Model Information 
Data Set WORK.HIPP2NEW 
Dependent Variable y1 
Covariance Structure Diagonal 
Estimation Method REML 
Residual Variance Method Profile 
Fixed Effects SE Method Model-Based 
Degrees of Freedom Method Residual 
Dimensions 
Covariance Parameters 1 
Columns in X 6 
Columns in Z 0 
Subjects 1 
Max Obs Per Subject 16 
Number of Observations 
Number of Observations Read 16 
Number of Observations Used 16 
Number of Observations Not Used 0 
Covariance Parameter Estimates 
Cov Parm Estimate 
Residual 0.07842 
Fit Statistics 
-2 Res Log Likelihood 7.1 
AIC (smaller is better) 9.1 
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Fit Statistics 
AICC (smaller is better) 9.6 
BIC (smaller is better) 9.4 
Solution for Fixed Effects 
Effect Estimate Standard Error DF t Value Pr > |t| 
Intercept 1.7475 0.1400 10 12.48 <.0001 
x1 -0.6150 0.1980 10 -3.11 0.0111
x1x2 -0.2550 0.5601 10 -0.46 0.6586
x1z1 0.06750 0.1400 10 0.48 0.6401 
x2z1 0.3875 0.1400 10 2.77 0.0199 
x1x2z1 -0.2550 0.5601 10 -0.46 0.6586
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
x1 1 10 9.65 0.0111 
x1x2 1 10 0.21 0.6586 
x1z1 1 10 0.23 0.6401 
x2z1 1 10 7.66 0.0199 
x1x2z1 1 10 0.21 0.6586 
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